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Abstract	  The	  work	  documented	  in	  this	  thesis	  is	  based	  on	  the	  production,	  manipulation	  and	   control	   of	   ultrashort	   laser	   pulses	   in	   the	   near	   infra-­‐red	   region	   of	   the	  electromagnetic	  spectrum.	  Pulses	  were	  created	  using	  Cr4+:Forsterite	  as	  a	  gain	  crystal	  with	  the	  SESAM	  mode-­‐locking	  technique.	  	  The	   aim	   of	   the	   work	   presented	   was	   to	   use	   the	   SESAM	   as	   a	   control	   device	  within	  the	  laser	  in	  addition	  to	  its	  function	  as	  the	  mode-­‐locking	  element,	  	  In	   this	   thesis	   two	  methods	   of	   SESAM	   based	   control	   were	   investigated.	   The	  first	  technique,	  optical	  switching,	  used	  an	  auxiliary	  diode	  laser	  operating	  with	  a	  wavelength	  of	  640	  nm,	   to	  pump	   the	  SESAM	   in	   addition	   to	   the	   intra-­‐cavity	  field	  of	  the	  Cr4+:Forsterite	  laser.	  The	  localised	  heating	  effect	  induced	  a	  change	  in	   the	   absorption	   spectrum	   of	   the	   SESAM,	   in	   turn	   changing	   the	   operating	  regime	   of	   the	   laser.	   Using	   this	   technique	   it	  was	   possible	   to	   switch	   between	  pulses	   of	   duration	   34.5	   ps	   to	   263	   fs	   in	   timescales	   of	   1-­‐3	   ms.	   The	   return	  switching	   time	   was	   0.5	   ms.	   The	   effect	   of	   diode	   pump	   power	   on	   switching	  times	   and	   stability	   was	   also	   investigated,	   showing	   the	   possibility	   of	  controlling	  these	  aspects	  by	  monitoring	  the	  applied	  power.	  The	  second	  technique	  was	  an	  all-­‐electrical	  control	  technique	  and	  in	  this	  case	  SESAM	   control	   was	   achieved	   by	   reverse	   biasing	   the	   device	   to	   induce	   the	  quantum	  confined	  Stark	  effect.	  This	  also	  changed	  the	  absorption	  spectrum	  of	  the	   SESAM	   and	   switching	   was	   achieved.	   In	   this	   work	   three	   SESAM	   designs	  were	   used,	   each	   with	   a	   different	   QW	   shape	   making	   up	   the	   absorber	   layer.	  With	  a	  square	  well	  device,	  switching	  was	  achieved	  between	  6.42	  ps	  to	  2.85	  fs	  and	  116	  ps	  to	  CW	  operation	  with	  switching	  time	  ~20ms.	  A	  device	  with	  a	  pair	  of	  QWs	  (with	  separation	  2	  nm,	  facilitating	  quantum	  tunnelling)	  was	  then	  used.	  With	   this	   device	   switching	   was	   achieved	   from	   188	   fs	   to	   a	   regime	   which	  appeared	  to	  be	  producing	  Q-­‐switched	  pulses.	  A	  stepped	  geometry	  QW	  device	  was	  also	  tested,	  but	  had	  insufficient	  absorption	  to	  induce	  mode-­‐locking.	  The	  results	  obtained	  show	  that	  both	  switching	  techniques	  are	  viable	  control	  methods	  for	  the	  Cr4+:Forsterite	  laser,	  and	  indicate	  that	  there	  is	  also	  potential	  to	  use	  SESAM	  control	  in	  other	  solid-­‐state	  lasers.	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Glossary	  of	  Symbols	  and	  Abbreviations	  	  β(ω)	  	  	   	  	  	  	  	  	  	  Frequency	  dependent	  propagation	  constant	  χ(n)	  	   	   	  	  	  	  	  	  	  nth	  order	  susceptibility	  	  ∆(R)ns	   	  	  	  	  	  	  	  Non-­‐saturable	  losses	  	  ∆(R)	  	   	   	  	  	  	  	  	  	  Modulation	  depth	  ∆τp	  	   	   	  	  	  	  	  	  	  Full	  width	  half	  maximum	  of	  the	  pulse	  	  ε0	  	   	   	  	  	  	  	  	  	  Permittivity	  of	  free	  space	   ε(t)	  	   	   	  	  	  	  	  	  	  Envelope	  function	  	  λ	  	   	   	  	  	  	  	  	  	  Wavelength	  λi	  	   	   	  	  	  	  	  	  	  Sellmeir	  coefficient	  	  νφ	  	   	   	  	  	  	  	  	  	  Phase	  velocity	  	  νg	  	   	   	  	  	  	  	  	  	  Group	  velocity	  	  ω	  	   	   	  	  	  	  	  	  	  Angular	  frequency	  	  ω0	  	   	   	  	  	  	  	  	  	  Carrier	  frequency	  	  φ(t)	   	   	  	  	  	  	  	  	  Time	  varying	  phase	  	  c	  	   	   	  	  	  	  	  	  	  Speed	  of	  light	  in	  vacuum	  	  CW	  	   	   	  	  	  	  	  	  	  Continuous	  wave	  	  DBR	  	   	   	  	  	  	  	  	  	  Distributed	  Bragg	  reflector	  	  e	  	   	   	  	  	  	  	  	  	  Charge	  of	  an	  electron	  E	  	   	   	  	  	  	  	  	  	  Electric	  field	  	  Eg	   	   	  	  	  	  	  	  	  Band	  gap	  energy	  	  E0	  	   	   	  	  	  	  	  	  	  Electric	  field	  amplitude	  	  Fsat	   	   	  	  	  	  	  	  	  Saturation	  fluence	  	  FROG	  	   	  	  	  	  	  	  	  Frequency	  resolved	  optical	  gating	  	  FWHM	   	  	  	  	  	  	  	  Full	  width	  half	  maximum	  	  GVD	  	   	   	  	  	  	  	  	  	  Group	  velocity	  dispersion	  	  	   	   	  	  	  	  	  	  	  Reduced	  Plank	  constant	  	  i	  	   	   	  	  	  	  	  	  	  Sellmeier	  coefficient	  	  KLM	  	   	   	  	  	  	  	  	  	  Kerr	  lens	  mode-­‐locking	  	  M1	  	   	   	  	  	  	  	  	  	  Mirror	  one	  	  M2	  	   	   	  	  	  	  	  	  	  Mirror	  two	  	  M3	  	   	   	  	  	  	  	  	  	  Mirror	  three	  	  M4	  	   	   	  	  	  	  	  	  	  Mirror	  four	  	  meff,e	  	   	  	  	  	  	   	  	  	  	  	  	  	  Electron	  effective	  mass	  	  
meff,h	  	   	   	  	  	  	  	  	  Hole	  effective	  mass	  	  MOPA	   	  	  	  	  	  	  Master	  oscillator	  power	  amplifier	  	  n	  	   	   	  	  	  	  	  	  Refractive	  index	  	  n0(λ)	  	   	  	  	  	  	  	  	   	  	  	  	  	  	  Wavelength	  dependent	  refractive	  index	  n0	  	   	   Linear	  refractive	  index	  	  n2E	  	   	   Nonlinear	  refractive	  index	  	  P	   	   Polarisation	  	  QCSE	  	   	   Quantum	  confined	  Stark	  effect	  	  QD	  	   	   Quantum	  dot	  	  QW	   	   Quantum	  well	  	  Rl	  	   	   Linear	  reflectivity	  	  RFSA	  	   	   Radio	  frequency	  spectrum	  analyser	  	  ROC	  	   	   Radius	  of	  curvature	  	  Si	  	   	   Sellmeir	  coefficient	  	  SBR	  	   	   Saturable	  Bragg	  reflector	  	  SESAM	  	  	   Semiconductor	  saturable	  absorber	  mirror	  	  SPM	  	   	   Self	  phase	  modulation	  	  SPIDER	  	   Spectral	  phase	  interferometry	  for	  direct	  electric	  field	  reconstruction	  	  tQW	  	   	   Quantum	  well	  thickness	  	  TBP	  	   	   Time	  bandwidth	  product	  	  WDM	  	   	   Wave	  division	  multiplexing	  	  VECSEL	  	   Vertical	  external	  cavity	  surface	  emitting	  laser	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Chapter 1
Introduction and background
1.1 Introduction
1.1.1 Ultrafast laser pulses
The term ultrashort defines pulses with duration in the picosecond regime
or shorter. In addition to the short durations, such pulses also have high
peak powers [1] and a broad spectrum. As such, ultrashort pulses can be
exploited in a range of applications. Notable examples include the measure-
ment of the fast processes in atomic physics [2] made possible due to the
ultrashort pulse durations. In addition the spectral bandwidth can be used
in telecommunications to transmit large volumes of data, using techniques
such as wavelength division multiplexing (WDM) [3]. The high peak powers
available can be used for the ablation of a range of materials [4] [5] [6]. This
technique causes minimal heat damage and so can also be used in tissue
based experiments [7].
1.1.2 Pulses in the 1300 nm spectral region
Light with a wavelength of around 1300 nm is of particular interest in the
field of biophotonics [8]. The absorption properties of human skin are shown
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in figure 1.1. [9] This figure indicates that light at 1300nm falls within a
transmission window. This means that lasers operating at this wavelength
could be of particular use in medical experiments, such as investigation of
photodynamic therapy [10] and two-photon microscopy [11]
Figure 1.1: Attenuation of light by various components of tissue found in the human
body. [9](adapted). The operational range of the Cr4+:Forsterite lasers used in this
thesis is around 1220 nm to 1310 nm, shown in the blue shaded area.
An additional useful feature of 1300nm light is that it experiences zero
dispersion in fused silica [12], a type of glass often used to make the optical
fibres used in telecommunications. As optical fibres are also used for pulse
delivery in experiments in biophotonics, this is also an advantage in this
field. Additionally the absorption features of this glass include a window at
around this wavelength, indicating low signal losses and high efficiencies.
1.1.3 Laser control
Given the potential for applications, light pulses at this wavelength merit
investigation, indeed many systems exist that allow reliable production of
laser light in this spectral region, such as VECSELs [13], fibre lasers [14]
5
and laser diodes [15].
It is possible to increase the utility of the light by considering in ad-
dition the temporal modulation of the electric field ie. the nature of the
laser pulses. Manipulation of the way pulses are formed can give the user
more control over the output parameters of the laser, therefore providing a
better match for the desired experiment. The work detailed in this thesis
is focussed on achieving control of the operating regime of Cr4+:Forsterite
lasers. It is possible to operate such a laser in CW, picosecond or fem-
tosecond regimes, but using one laser to switch rapidly and stably between
between pulse durations has remained a challenge. Improving this has been
the aim of the investigations in this thesis.
This type of temporal control opens up a range of new applications which
would benefit from the additional level of flexibility in the system. Such a
system may be of benefit in experiments in biophotonics such as optical
trapping [16] and photoporation [17] where lasers operating in both CW
and pulsed regimes are required. Photoporation is the process by which a
pulsed laser is used to create holes in a material, typically cells. In biomed-
ical photoporation investigations, the hole in the cell can be used to insert
new genetic information, typically by suspension in a liquid. In such an
experiment, lasers are required to trap the cell, and porate it (create the
hole). Using one laser source for such an experiment would greatly reduce
the cost and complexity.
In addition, control of the pulse duration gives in turn control of the
peak powers. This is one of the aspects of ultrashort pulse lasers which is
widely used in applications, for example in materials processing [18] and
in medicine [19]. The ability to select the peak power of a laser without
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adjusting the cavity, and ideally without impacting average power would
represent a significant advantage in many areas of application.
In a more general sense, increasing the options for control of solid state
lasers has the potential for a great increase in the functionality and flexi-
bility of the systems in which they are used. In this thesis the flexibility of
semiconductor laser engineering is implemented in the design of solid state
lasers, through SESAM (Semiconductor saturable absorber mirror) design.
The aim is to use the SESAM in an active sense to control the laser, while
maintaining its passive mode-locking function. Integrating SESAM design
with laser design to this degree would represent a step forwards in this field,
creating lasers with hybrid designs, utilising the flexible properties of semi-
conductors to increase the functionality of solid state lasers.
To appreciate fully the significance and potential of this idea it is nec-
essary to consider both solid-state ultrashort pulsed lasers and SESAMs in
more detail.
1.2 Anatomy of a laser pulse
To understand the behaviour of ultrashort pulsed radiation and thus have
some insight into its potential applications, it is necessary to first examine
how such a pulse propagates through a medium. Initially it is useful to con-
sider some properties of a light pulse so that it is possible to assess changes
in the electric field distribution as it propagates.
Mathematically the description of a pulse is clearly seen as being of two
parts, a carrier frequency ω0 and an envelope function ε(t) (i.e. the shape
of the pulse, typically Gaussian or in this case sech2 )
7
E(t) = ε(t)eiφteiω0t (1.1)
In this case the two parts as described are ω0: the carrier frequency and
(t): the envelope function. Note also that there is a temporal phase vari-
ation φ(t) across the pulse. This phase variation impacts the behaviour of
the pulse, and if non-zero, the pulse is said to be chirped [20]
Equation 1.1 describes a general pulse, but optical pulses can come in
different shapes, i.e. the envelope can give varying temporal distributions.
In the laser systems used in the following chapters the pulse shape is gen-
erally assumed to be approximated by a sech2 function. This feature is due
to the pulse formation mechanisms, which are discussed in greater depth
later in this chapter.
1.3 Pulse propagation
Now that the form and characteristics of a light pulse have been established,
the description can be extended to include the implications of propagation
through a medium. One of the most important aspects when considering
the medium is whether the system is dispersive or not, i.e. whether the
propagation constant β(ω) is linear (when considered as a function of fre-
quency). If this condition is not met, the system is said to be dispersive.
Initially, consider the case where the propagation medium is a linear dielec-
tric material with length L. Propagation through such a material induces a
frequency dependent phase change as shown [21]
φ(ω) = Ln0(λ)
2pi
λ
=
ωLn0(ω)
c
= β(ω)L (1.2)
Where, λ is the wavelength, ω is the angular frequency, c is the speed
of light, β(ω) is the frequency-dependent propagation constant and n0(λ) is
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the wavelength-dependent refractive index of the material.
The dependence of refractive index n(λ) on wavelength λ is shown in
equation 1.3, a relation known as the Sellmeier equation [22].
n20(λ)− 1 =
∑
i
Siλ
2
λ2 − λi (1.3)
where i, Si and λi are the Sellmeier coefficients and are intrinsic to each
specific material.
1.4 Dispersion in a linear material.
Dispersion is an important consideration when examining the propagation
of pulses through a material. Performing a Taylor expansion of equation
1.3 centred around ω0 gives equation 1.4 [12]
β(ω) = β(ω0) + β
′(ω − ω0) + 1
2!
β′′(ω − ω0)2 + 1
3!
β′′′(ω − ω0)3 + ... (1.4)
This expansion makes describing dispersion easier because the expanded
terms can now be attributed to the different dispersive effects. The first term
β(ω0) is related to the phase velocity, the β
′ term the group velocity and
the β′′ term the group velocity dispersion. The first two, phase and group
velocity, describe the propagation velocities of the central carrier frequency
and the pulse envelope frequency and are described:
β(ω0) =
ω0
vφ
(1.5)
β′ =
dβ
dω
=
1
c
[
n+ ω0
dn
dω
]
=
1
vg
(1.6)
where vφ is the phase velocity and vg is the group velocity.
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The group velocity dispersion essentially describes the dependence of the
velocity of the light on its wavelength. If a pulse is made up of multiple
frequencies therefore, these will travel at different speeds and disperse, hence
the term group velocity dispersion. This is an important factor in pulse
shaping, and for most materials the GVD is positive leading to a pulse
broadening effect. The GVD is described as follows:
β′′ =
dβ′
dω
=
1
c
[
2
dn
dω
+ ω0
d2n
dω2
]
(1.7)
In ultrashort pulse generation this tends to be detrimental, changing the
temporal distribution of the pulse and lengthening its duration, as such it
is important to include dispersion compensating elements in an ultra-short
pulse laser cavity design. This aspect of laser design is discussed in greater
detail in chapter 2.
1.5 Pulse propagation in a nonlinear regime.
The previous description of pulse propagation concerns the basic case of
pulse propagation within a linear dielectric material. However due to the
high peak powers of optical pulses it is necessary to consider higher order
nonlinear effects as well. In the centrosymmetric Cr4+:Forsterite crystal [23]
used in the experiments documented in this thesis it is necessary to consider
the third order χ(3) nonlinear effects. (note that for this crystal system, the
symmetry means that the χ(2) effects are not present). χ(3) effects are in fact
of crucial importance to the formation and shaping of the ultrashort pulses
described in the following chapters. This section will discuss the Optical
Kerr effect [21]and its associated effects, self focussing [24] and self phase
modulation [25].
When an electric field is applied to a material, the material generally
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exhibits a polarisation response, i.e. a distortion of electric charge clouds
or, in liquids, a reorientation of the molecules. For low intensities, the E-P
relationship is linear, but with increasing electric field strength, this can
become a nonlinear relationship. This relationship is expressed as:
P (E) = ε0(χ(1)E + χ(2)E
2 + χ(3)E
3 + ...) (1.8)
where, ε0 is the permittivity of free space, E is the applied electric field
and χ(n)is the nth order succeptibility.
1.5.1 The optical Kerr effect
In almost all materials, if an electric field with sufficient intensity, E(t), is
applied, the material will experience a change in the refractive index (or di-
electric constant) in proportion to the optical intensity I. This phenomenon
is known as the optical Kerr effect [21]. The refractive index of a material
can be expressed as:
n = n0 + n2E | E(t) |2 (1.9)
Where n0 is the linear refractive index coefficient and n2E is the nonlinear
refractive index coefficient. Note the dependence of n2E on the electric field
E(t)
n2E, is related to the χ(3) term as follows [26]:
n2E =
3χ(3)
8n0
(1.10)
If we assume that an optical pulse has a time dependent intensity, I(t)
given by:
I(t) ≈ cn | E(t) |2 (1.11)
This allows equation 1.9 to be re-written:
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n = n0 + n21I(t) (1.12)
where
n21 =
2n2E
ε0cn0
(1.13)
If the nonlinear refractive coefficient, n2E, is positive as is the case in
most materials, then the above equations show that the result will be an
increase in the refractive index with increasing field intensity. This effect
gives rise to two other important effects in the generation of short pulses,
self focussing [24] and self phase modulation [25].
1.5.2 Self focussing
Considering the general form of a sech2 pulse, it is clear that the centre is
the most intense, falling off to the wings at the edges. Given that the re-
fractive index changes with intensity, it is logical that it also changes across
the transverse profile of the pulse. This gradation of refractive index gives
the material a focusing power, essentially creating a lens. As it is formed
due to the optical Kerr effect, this is called a Kerr lens [21].
In a material where this focussing power can balance out the diffraction
spreading of the beam, the profile will undergo self focussing. This in turn
yields a more intense pulse centre and a stronger self focussing effect.
1.5.3 Self phase modulation
A similar effect to self focussing, but occurring instead across the temporal
profile is self phase modulation (SPM). In this case, to understand the effect
it is useful to imagine the changes in refractive index that occur as a pulse
passes through a material. The leading edge causes an increase in refractive
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index, a maximum ∆n at the peak, then a decrease with the trailing edge.
This increase and decrease in refractive index as the pulse passes in turn
gives rise to a decrease and increase of the velocity of the pulse. In other
words the frequency components in the leading edge of the pulse undergo
a redshift while in the trailing edge they undergo a blueshift. This spread-
ing is incorporated into the system dispersion when considering dispersion
compensation (see chapter 2) and is very important in the generation of
ultrashort pulses. Due to the Fourier transform-based relationship between
frequency and time, the wider a pulse is in the frequency domain, the shorter
it is in the temporal [27]. The blueshift and redshift associated with SPM
broadens the spectral bandwidth, thus allowing potentially the generation
of short pulses provided a suitable dispersion regime can be achieved.
1.6 Generation of ultrashort pulses
This section considers the generation of ultrashort pulses. To achieve this,
several techniques are available. Pulse generation can be achieved in a
relatively straight forward way by either Q-switching [28] or cavity dump-
ing [29], but these techniques have a reasonably long limit of pulse duration,
as the pulse duration is dependent on the cavity round trip time. Shorter
pulses with ultrashort durations can be generated using a technique known
as mode-locking [30].
Mode-locking in turn also has several variations including active and pas-
sive variants [27]. In order to generate the shortest pulses, passive techniques
are used. These fall into several classes including the use of the optical Kerr
effect; Kerr lens mode-locking (KLM), [31] and the use of semiconductor sat-
urable absorber mirrors (SESAM’s) [32] [33]. The next section discusses the
technique of Kerr lens mode-locking [31] before proceeding to fully describe
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the characteristics and techniques employed in SESAM mode-locking [34]
which was the technique used in the work reported throughout this thesis.
Mode-locking enables the generation of shorter pulse durations because
unlike the other techniques mentioned above, it works by phase-locking a
number of longitudinal modes. As mentioned previously, due to the Fourier
transform time-frequency relationship, to obtain ultrashort pulses, a large
frequency bandwidth is required, and hence it is necessary to choose a
gain material capable of supporting many longitudinal modes. In addition
the laser cavity design requires careful consideration. Assuming a classical
standing wave cavity, it can be seen that only certain modes can propagate
with a fixed frequency spacing ∆ν as shown in equation 1.14:
∆ν =
c
2nl
(1.14)
This produces a comb of longitudinal modes that fall under a gain curve
as the laser output.
At this stage, the modes all have random phases and the laser output will
therefore also be random and noisy. However if these modes can be forced
to propagate with a fixed phase relationship, the random noise becomes a
stream of ultrashort pulses (figure 1.2). This is said to be mode-locked and
in such an arrangement the modes periodically add to give constructive and
destructive interference, forming a stream of pulses.
The different mode-locking techniques use different mechanisms to achieve
this locking effect. In general a modulation must be applied to the field
within the cavity to force the cavity modes to lock together. Active mode-
locking involves a direct modulation of the field at a harmonic of the round
trip frequency, such as produced by an acousto-optic modulation [35] for
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Figure 1.2: Schematic of the process involved in mode-locking, where the phases of the
modes match periodically to create an output of a stream of pulses.
example, however this method is limited by how quickly the switch can re-
spond, as pulses are produced every round trip. In a passively mode-locked
system the modulation is provided by some element with a nonlinear re-
sponse to the electric field intensity that creates a virtual shutter in the
system, allowing a modulated loss that works to lock the phases of the
modes together. This creates a window effect where the loss is lower than
the gain. This type of mode-locking can, in turn, be achieved in a num-
ber of ways. In this thesis the focus is on using a saturable absorber to
modulate the cavity losses. In the following sections techniques for passive
mode-locking are discussed.
1.6.1 Kerr lens mode-locking
This technique utilises the optical Kerr effect, creating a nonlinear response
to the intensity of the electric field in the laser crystal. This method provides
loss modulation by designing a laser cavity such that the pulsed operation is
the most energy efficient way for the laser to run. This can be achieved using
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an intra-cavity aperture so that greater losses are incurred if the beam has
not undergone self focussing (i.e. the pulsed state incurs lower losses than
the non-pulsed state). Due to the fact that this method uses a physical aper-
ture in the system it is referred to as hard aperture KLM [36]. The same
effect can be achieved by designing the cavity such that mode-matching
between pump and intra-cavity beam is better for the self focussed beam,
again meaning that the more favourable mode of operation is the pulsed,
due to the much higher intensities achieved (this technique is known as soft
aperture KLM [37]).
One of the major advantages of KLM is that the SPM mechanism gives
a broadband spectrum of modes, allowing for very short pulse durations.
Kerr lens mode-locking was discovered and first implemented in 1991 [31],
and has since been a highly successful method of producing very short
pulses, down to 5 fs [38]. For many years, this was the method of pro-
ducing the shortest pulses. However developments in the technique of high
harmonic generation [39], [40] has now produced pulses down to the attosec-
ond regime.
KLM is still widely employed as a method for producing ultrashort
pulses, and is often used in the fields of biophotonics and telecommuni-
cations using Ti:Sapphire lasers. [41] [42]
The drawbacks of KLM are evident when trying to change to lower gain
laser materials. The pulses are not self-starting and require some initial
noise spike, a perturbation often achieved by tapping a mirror for example.
The cavity alignment is also critical and requires to be close to the edge of a
stability region, meaning that this type of laser can be easily susceptible to
16
external factors. To work well it is necessary to choose a laser gain crystal
that has relatively high gain, such as Ti:Sapphire. The lower gain found in
Cr4+:Forsterite crystals make this a less suitable technique for this type of
laser, although examples do exist [43]. In addition, using a method that is
so susceptible to external factors lessens the potential for gaining additional
control of the laser output without affecting laser performance.
1.6.2 SESAM mode locking
Using a saturable absorber to obtain mode-locked operation was first pre-
dicted in 1973 [44]. Then, in the mid-1990’s, the SESAM (Semiconductor
saturable absorber mirror) was demonstrated [45] [34], based on the idea of
an intensity dependent mirror [32]. These devices are used as an alternative
method for achieving passive mode-locking in solid state lasers. The idea
behind the SESAM is that the saturable quality of the material provides
the intensity dependent loss modulation and hence negates the need to com-
promise on cavity design or stability. This means that the system is more
robust and hence this method can be used to mode-lock lasers with lower
gain such as Cr4+:Forsterite. By using a device such as a semiconductor
mirror, there are also possibilities for active control.
A SESAM is a semiconductor device that is made up of a reflector part,
i.e. the mirror, which is formed from a Bragg stack of alternating layers
of semiconductor material, and some element grown into the device which
has an intensity-dependent transparency, which can also be thought of as
an intensity-dependent loss mechanism. The properties of each device are
quite complex and the design needs careful consideration, however in basic
terms a SESAM usually takes the form shown in figure 1.3.
The Bragg mirror is designed to match the wavelength region the laser
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Figure 1.3: Schematic of a SESAM, showing the saturable absorber layer in red.
is working in, ideally matching the spectral bandwidth of the other mirrors
in the cavity. The saturable absorber requirements can be met by using a
saturable 2-level system. In SESAMs this is often one or several layers of
either quantum wells [45] or quantum dots [46] designed for the particular
laser wavelength. One of the major advantages in using semiconductors as
the mode-locking element is that they can be grown and tailored to the
requirements of the user, within the limits of the semiconductor growth
techniques [47].
1.6.3 Operation of a SESAM
As discussed a SESAM initiates mode-locking by providing an intensity de-
pendent loss modulation within the laser cavity. In this case a pulse will
saturate the absorber, starting from a noise spike similar to the mechanism
in the KLM system, but with each round trip the pulse will experience gain
and be amplified further. This mechanism is called self amplitude modu-
lation, and in the same way as with KLM, pulsed operation becomes the
more favourable regime.
To create the window where gain exceeds loss in the cavity (achieved
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by modulating the losses) there are several options. It is now necessary to
consider two timescales, the speed of the loss modulation and the recovery
time of the gain. Mode-locking can be achieved in the three arrangements
shown in figure 1.4.
Figure 1.4: The three mechanisms for passive mode-locking. Represented by loss (green)
and gain(red). The net gain is shown as the shaded blue area. The figure shows (a) Slow
saturable absorption, (b) Fast saturable absorption, and (c) Solitonic mode-locking.
The first case, slow saturable absorption, represents the situation where
the recovery time of the saturable absorber (i.e. the loss) is long compared
to the duration of the pulse. In order for this to work the recovery time
for the gain saturation must be fast, to create a window effect between
pulses. This would require a short upper state lifetime, however for a typical
Cr4+:Forsterite laser cavity the lifetime is longer than the pulse repetition
frequency, hence the gain saturation is not enough to create a short window.
The two remaining cases do not rely on gain saturation, and are therefore
potentially suitable for use with a Cr4+:Forsterite laser. They do rely how-
ever, on the recovery time of the SESAM, defined as the time taken for the
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device to recover its initial absorption after saturation by a pulse. For fast
saturable absorption this must be of the order of the pulse duration. For
solitonic mode-locking it can be rather longer, around 10 times the duration
of the pulse [48], due to the soliton shaping effects achieved by balancing the
chromatic dispersion of the cavity with the Kerr nonlinearity [49]. Mode-
locking is classed as solitonic when this balancing effect is the dominant
mechanism in the cavity. In the experiments described in this thesis, the
SESAM recovery times are short enough that the solitonic effects are not
a requirement to create pulses, however solitonic pulse shaping can still be
present. This is a useful effect and aids in maintaining pulse stability while
performing pulse switching experiments.
The macroscopic properties of SESAMs are very important considera-
tions in both the design and implementation of the device. In addition to
the recovery time, it is important to also consider the following properties:
1. Modulation depth ∆(R): is the amount of saturable absorption
present, and is determined by how many free states are available in the
conduction band, or alternatively, the number of holes. This can also be
thought of as the change in reflectivity upon saturation.
2. The linear reflectivity Rl is the reflectivity provided at low intensities.
i.e. the reflectivity of the device in the absence of saturation of the absorber.
3. The non saturable losses ∆(R)ns are the losses in the SESAM due to
scattering and non-saturable absorption, and any other parasitic losses not
associated with saturation of the absorber.
4. Saturation fluence, Fsat is defined as the fluence required to change
the reflectivity to 1/e2 of the modulation depth.
For laser design purposes, typical values for SESAMs of a similar design
can be found in [50].
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1.7 SESAM properties
1.7.1 The saturable absorber layer
To create the desired effect of saturating the device, it is important to give
careful consideration to the saturable absorber layer. As discussed, this is
usually made up of quantum wells or dots. It is possible to incorporate
design elements such as graded wells to alter the properties of the device
(this type of modification will be discussed at a later stage). Understanding
of the way these devices work can be gained by considering the quantum
confinement of the quantum dots or wells that make up the absorber.
1.7.2 Quantum confinement
To understand the role of quantum confinement in a SESAM it is necessary
to consider the density of states. The quantum well provides absorption due
to the fact that confinement has forced the allowed energies to form discrete
levels. The density of states describes the possible states that electrons can
occupy at any given energy. In a bulk semiconductor the density of states is
greater for higher energies because electrons can then be promoted to higher
energy states. This is shown in figure 1.5. Note that the energy must be
greater than the band-gap energy, hence why the plot does not start at zero
energy.
If the semiconductor size is reduced in one dimension, say the z axis, then
the possible energy states available split into a series of quantised energy
levels. The energies and spreading of the levels is determined by the reduc-
tion in size, or the confinement, as the z-dimension is reduced the energy
level spacings get larger. To achieve this effect, the z-dimension must be re-
duced to a size comparable to the De Broglie wavelength of the electron; the
waves representing the probability density functions of the electron. The
resulting density of states for a quantum well is a step like function, shown
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Figure 1.5: Representation of the different density of states functions for increasing
degrees of quantum confinement. The 2-D quantum well (shown in white) and 0-D
quantum dot (shown in red) are commonly used as absorbers in SESAMs.
in figure 1.5, labelled as 2-D
In addition it is possible to confine the electron in two dimensions, to
create a quantum wire (the 1-D case) or, more commonly, to confine in all
three dimensions to form a quantum dot (the 0-D case). Due to this three
dimensional confinement, quantum dots have a series of discrete energies,
and this is reflected in the density of states, showing sharp peaks where the
discrete energies lie.
Quantum dots and wells both make excellent candidates for saturable
absorbers as by controlling the semiconductor growth it is possible to dic-
tate the layer thickness and hence the confined energy levels. This allows
the device to be tailored specifically for use in a chosen laser, taking into
account wavelength and pulse energy requirements. The devices can be
grown with a Bragg mirror to create SESAMs (or SBR’s) or used in trans-
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mission as saturable absorbers. Both types of devices are commonly used,
with quantum dot devices emerging as a potential alternative to quantum
well devices in recent years. [46]
When an electric field with sufficient energy is incident upon the SESAM
(i.e. the intra-cavity field) electrons are promoted from the valence to the
conduction band. This has the effect that the absorption is reduced (as
more states are already filled in the conduction band) and reflectivity is
increased, because the two-level system becomes saturated and transpar-
ent. The modulation depth of the SESAM is determined by the number of
free states there are available to be filled before the absorber layer becomes
transparent. SESAMs are designed to have a modulation depth suitable for
the laser system being used, this ability to chose the features of the SESAM
is of great benefit in low gain lasers such as Cr4+:Forsterite.
To vary the number of available free states and hence select the modu-
lation depth can be achieved by varying the number of layers of absorber.
Changing the thickness of a layer would also work as long as confinement
was maintained and the appropriate band-gap was chosen, however this can
also affect recovery time and saturation fluence, meaning a whole new de-
sign would be required.
The modulation depth required for mode-locking is relatively low, and
values lower than 2 percent are typically chosen for the laser systems de-
scribed in this thesis. Using low values of modulation prevents unwanted
effects such as Q-switching instabilities [51].
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1.7.3 SESAM designs: resonant and anti-resonant devices
In this thesis the SESAM designs are based on the quantum well saturable
absorber. This layer (or layers) is usually positioned near the surface of the
SESAM, with additional layers on top to facilitate confinement. SESAM
designs fall generally into two categories, resonant and anti-resonant, see
figure 1.6 [50]. This terminology stems from the fact that the SESAM itself
can act as a small cavity due to Fresnel reflections at the surface of the device
(owing to the large difference in refractive index between the semiconductor
and air).
Figure 1.6: Schematic of a SESAM showing the electric field in both resonant (solid line)
and anti-resonant (dashed line) configurations. [50]
The anti-resonant SESAM design is used in most cases [52]. This type of
device is fabricated so that the field is low at the surface, creating minimal
Fresnel reflections and minimising the cavity effect. Anti-resonant SESAMs
have a relatively large bandwidth range, and a low level of chromatic dis-
persion with a reasonably flat profile with respect to wavelength. This
feature is useful, as it makes dispersion compensation (necessary to ensure
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that the shortest pulses are produced) simpler to achieve. It is possible to
create a device with an anti-reflection coating on the surface such that the
device then has a pseudo-resonant design, allow higher field intensities at
the saturable absorber layer, giving a higher modulation depth and lower
saturation fluence [53].
Resonant designs have higher modulation depths and lower saturation
fluence, but also a smaller range of operational wavelengths and a higher
degree of dispersion.
1.7.4 SESAM fabrication and materials
While the general SESAM design conforms to that shown in figure 1.4,
there are many details of design and materials used that allow SESAMs to
be fabricated for use in a range of different lasers. For example, in lasers
emitting at one micron, the SESAMs are generally quantum well based In-
GaAs structures [54]. The indium is a dopant which is added in quantities
such that an appropriate band-gap energy is achieved. In shorter wave-
length lasers such as Ti:Sapphire, the quantum well can be GaAs. How-
ever the Bragg mirror must then not use this material (to ensure minimal
non-saturable losses). AlGaAs/AlAs can provide a solution [55], although
metallic mirrors [56] [57] [58] can also be used, as these provide a larger
reflection bandwidth and allow operation with the short pulses Ti:Sapphire
lasers can produce [59].
Longer wavelength lasers, such as the Cr4+:Forsterite lasers used in the
work documented here, again require the addition of dopants to produce an
appropriate band-gap, however, owing to the longer wavelengths required,
there is a higher degree of strain between the layers when using InGaAs
SESAMs, which can impact performance and produce higher non-saturable
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losses [60].
A solution is to use GaInNAs absorbers, which incorporate nitrides (in
dilute quantities) [61], [62]. This type of device is used throughout this
thesis with successful results and can withstand further modifications to
aid performance. The addition of nitrides can also cause crystal defects
within the structure, which, while reducing the recovery time of the device
(by aiding recombination), can also produce large non-saturable losses and
cause problems in fabrication.
1.7.5 Dispersion in SESAMs
As discussed previously, most SESAMs are based on a non-resonant design,
and hence have relatively low levels of chromatic dispersion. However it is
possible to design a SESAM such that the dispersion is engineered delib-
erately into the structure [63]. This method of design can be used to con-
tribute the the system dispersion, and hence provide compensation for the
positive dispersion caused by the laser crystal. However additional compro-
mises and restrictions arise when using this technique. One example being
that the operational band-width is affected. As a result most SESAMs are
not designed with this feature, as other dispersion compensating methods
have been well developed in lasers offering a more suitable alternative much
of the time.
1.8 SESAM tailoring
SESAMs have been used for mode-locking lasers since the mid-1990’s, suc-
cessfully producing mode-locked pulses and providing a useful alternative
to Kerr-lens mode-locking methods. However SESAM designs can be fur-
ther tailored and manipulated using a range of techniques, to increase their
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functionality and allow a better level of control over the laser systems in
which they are used.
1.8.1 Annealing
In the previous section about SESAM materials it was stated that recombi-
nation can be aided by crystal defects in the semiconductor structure, and
hence recovery times can be improved. Such defects may naturally occur,
especially in the presence of added nitrides of layers with high strain, how-
ever it is also possible to introduce defects without altering the composition
of the SESAM via a process called annealing [64]. Annealing involves heat-
ing the SESAM to high temperatures post growth, inducing defects in the
structure. The degree to which the defects are introduced depends on both
the annealing temperature and the time for which the SESAM is heated.
This method allows the device to be tailored without altering the design, a
benefit which is useful, as growth constraints are not increased by adding
complexity to the structure.
1.8.2 Capping layers
In addition to post-growth SESAM tailoring, it is possible to tailor the de-
sign also. However it is important to note that one of the main restrictions
in SESAM design is consideration of the semiconductor growth technolo-
gies available [47]. Highly complex designs are difficult to make and are
frequently unusable due to constraints in the fabrication process.
One method of altering the design is to add a capping layer to the sur-
face of the SESAM as previously mentioned in the section about SESAM
resonance. This creates a kind of ’hybrid’ device between resonant and
anti-resonant designs, resulting in high modulation depths and low satura-
tion fluences, providing a compromise in the properties of the device and
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allowing successful mode-locking [53].
1.9 Active SESAM control
Active control of a SESAM while in situ provides another alternative to
improve the functionality and performance of a laser system. It is this area
that will be explored in this thesis using Cr4+:Forsterite lasers. The ability
to control SESAM performance while the laser is in operation adds a great
deal of flexibility, allowing active control of the laser while maintaining
the passive function of the SESAM. This thesis explores two methods of
active SESAM control in Cr4+:Forsterite lasers. First using a secondary
optical pump operating with energies greater than that of the band-gap,
and secondly utilising the quantum confined Stark effect to gain wholly
electrical control of the SESAM.
1.10 Conclusion
This first chapter has introduced the field of ultra-fast mode-locked solid
state lasers. The mathematical description of light pulses and their inter-
action with dielectric materials is followed by a discussion on mode-locking
and then specifically the use of SESAMs to mode-lock solid-state lasers.
The section on SESAMs discusses design and implementation, then pro-
gresses to SESAM modifications and finally active SESAM control, which
is the basis of this thesis.
The following chapter details the types of laser used, including the design
and characterisations of such systems, and the specific techniques used to
build the lasers in such a way that the relevant experiments can be carried
out successfully.
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The experimental part of the thesis then focusses on SESAM control
in Cr4+:Forsterite lasers. Initially the technique of optical switching is
explored. The success of the technique is used then as a basis for fur-
ther chapters on electrical switching via the quantum confined Stark effect
(QCSE) [65]. This is investigated, and upon successful switching, modi-
fied SESAMs are also used to determine the limits and flexibility of the
technique.
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Chapter 2
Laser design
2.1 Introduction
This chapter provides an outline of the type of laser cavities used in this
thesis. A discussion of Cr4+:Forsterite as a laser gain material is followed by
cavity designs and design methods. The chapter concludes with a section
detailing the measurement techniques used to characterise the laser pulses
produced in the subsequent chapters.
2.2 The laser gain material: Cr4+:Forsterite
The gain material Cr4+:Forsterite is used as the basis for the lasers de-
scribed in this thesis. This type of crystal was first demonstrated as a
successful laser gain material in1988 [66] and in mode-locked operation in
1990 [67]. The shortest pulses produced from Cr4+:Forsterite were 14 fs in
duration, and achieved using Kerr lens mode-locking [43]. The investiga-
tions documented in this thesis are as a result of SESAM mode-locking, a
technique first used with Cr4+:Forsterite lasers in 1996 [68]. This technique
has been improved in subsequent years [69] with improvement in semicon-
ductor growth techniques.
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This gain material is classed as a transition metal doped vibronic crystal,
and has an operating region of 1230-1310nm [70]. The wide gain bandwidth
allows the production of ultra-short pulses, and as such Cr4+:forsterite lasers
can be used for a number of useful applications as discussed in section 1.1.
The name Cr4+:Forsterite describes the host lattice Forsterite and dopant
ions, Cr4+.
Forsterite is an orthorhombic crystal structure belonging to a series of
minerals called the Olivines [23], named because of the characteristic green
colour prevalent in the naturally occurring stones. The most famous ex-
ample is (Mg, Fe) Mg2SiO4, giving the decorative stone periodot, popular
in jewellery since Roman times (figure 2.1 [71]). The name Forsterite is
after the german geologist A. Forster, who discovered this crystal struc-
ture. Forsterites can exist in a number of forms, in this case the Forsterite
Mg2SiO4 acts as a host lattice and is doped with Cr
4+ ions, hence the name
Cr4+:Forsterite.
Figure 2.1: The green coloured peridot crystal, the rhombic structure is clearly seen in
the uncut version of the peridot crystal, found naturally in this shape. [71]
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Interestingly the Cr4+:Forsterite variant used in the following investiga-
tions has a light purple rather than green colour, due to the pigmentation
caused by the dopant Chromium ions (figure 2.2 [72]).
Figure 2.2: The purpleish tinged chromium forsterite crystals. The Cr4+:Forsterite crys-
tals are grown specifically as laser crystals [72]
One of the important properties of the forsterite host lattice is its shape,
allowing dopants to fit into the structure in such a way as to make the
material suitable for use as a laser gain material. Cr4+ doping and the
resulting changes to crystal properties will now be more fully discussed.
2.2.1 Chromium doping
Chromium (Cr) is a transition metal (atomic no. 24), and it is the ion Cr4+
that for the most part plays the active role in making Cr4+:Forsterite a
viable laser gain material.
In Cr4+:Forsterite the upper and lower laser levels are made up by electric
energy levels of the 3d electrons. Spectroscopic analysis [73] has shown that
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upon doping, Cr4+ ions were taken into the tetrahedrally coordinated Si4+
sites in the lattice. However the forsterite lattice is not an inert holder
structure for the chromium ions. In fact it is the lattice that determines the
lasing action. In this type of laser material there is strong coupling between
the electronic energy levels and the phonons that arise in the host lattice.
This electron-phonon coupling causes a broadening effect to take place and
creates what are knows as vibronic energy levels. (Figure 2.3 [74])
Figure 2.3: Energy level diagram showing the broadened vibronic energy levels, and the
electronic transitions leading to ground state absorption, excited state absorption, and
laser emission [74]
This type of broadening leads in turn to a relatively large emission band-
width [70] (figure 2.4 [75]) because the transitions can take place between
a large range of continuous energies (formed into a type of band struc-
ture). This large gain bandwidth is one of the requirements to produce
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mode-locked pulses, as discussed in section 1.6.
Figure 2.4: Absorption (green) and emission (orange) spectra for Cr4+:Forsterite. The
absorption coefficient α for the laser crystal used in this thesis is 0.53 cm−1 for the pump
wavelength of 1 µm [75]
2.2.2 Absorption
The vibronic energy levels in Cr4+:Forsterite that arise from the strong elec-
tron - phonon coupling provide two different ways of exciting electrons into
the upper lasing level, ground state absorption and excited state absorp-
tion. This is shown in figure 2.3. Using a pump laser operating at 1064
nm promotes electrons from the ground state to the upper lasing state,
and the decay times within the broadened levels allows for the required
population inversion. However in addition, excited state absorption allows
ions to be excited from the 3T2 triplet energy state into E1. The resulting
non-radiative relaxation then means that the ions once again end up in the
upper lasing level.
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The upper state lifetime of Cr4+:Forsterite is 2.7 µs at room temperature,
however this can be increased by cooling the crystal [76]. This temperature
dependence on upper state lifetime can also be detrimental, as heating oc-
curs during laser pumping. This creates the requirement for thermal man-
agement techniques in the laser cavity.
2.3 Designing a Cr4+:Forsterite laser cavity
Due to the nature of the laser crystal and the type of mode-locking at-
tempted, the design of the laser cavity has to conform to certain constraints.
First, the laser cavity must have two focal spots so that the intra-cavity
field can be focussed onto the SESAM (a plane mirror which requires a
beam waist), and also focussed to match the pump geometry in the laser
crystal, allowing the self-phase modulation required to create shorter pulses
and facilitate mode-matching to give a stable cavity.
Second, as previously mentioned, the cavity must be very low loss to
allow the low gain Cr4+:Forsterite crystal to experience gain in a sufficient
number of modes, creating a large enough bandwidth to create ultrashort
pulses. This applies to both parasitic and functional loss and therefore re-
quires that a relatively low output coupling value is implemented, yielding
much lower efficiency and output powers than Ti:Sapphire for example.
In addition the cavity design is required to incorporate some dispersion
compensating element to allow the pulses to propagate.
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2.3.1 Cavity variants
The two focal spot requirement can be achieved by using a cavity which has
a Z (or equivalently X) shaped geometry, where the centre portion contains
the laser crystal. The two arms then allow a second focal spot in one arm
and a relatively parallel beam in the other, usually containing the output
coupler. This type of geometry is shown in figure 2.5.
Figure 2.5: Schematic of a 4 mirror z-shaped laser cavity, incorporating a Brewster cut
Cr4+:Forsterite laser crystal. The mirrors are referred to as M1 (first curved mirror), M2
(second curved mirror), M3 (SESAM, or high reflector) and M4 (output coupler).
The focal spot in the SESAM arm can be controlled by adjusting the
radius of curvature and position of M2 in the cavity design. The output
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coupling arm is in general longer and with a parallel beam, this is usually
where dispersion compensating modules and wavelength filters are incorpo-
rated. Building the laser in an X-shape also incorporates these features and
can be useful if a compact laser footprint is required, however it also limits
the positioning of additional cavity elements such as prisms and filters.
A third and less commonly used geometry for a Cr4+:Forsterite laser is
based on a three mirror cavity design. In this case a the cavity is essentially
cut in half, such that the crystal has one plane edge (through which it is
pumped) and one Brewster cut face. In this case the output coupler can
be the curved M2. This is again useful for lasers which require very small
footprint, but it is even more limiting with regards adjustments and adding
additional elements for pulse control.
2.3.2 Cavity matrices
To design any of these cavities requires that a mathematical model of the
field inside the laser is constructed to determinie the stability and viability
of the system. The technique used in this case is to assign each component
of the laser a four element matrix. This includes any areas of free space and
anything that the intra-cavity field propagates through. Multiplying the set
of matrices gives a complete system matrix, which is then used to deter-
mine the stability of the cavity [77]. Examples include adjusting spot sizes
or incorporating additional cavity elements. The calculations are run using
a computer programme called l-cav allowing a much faster design process
and the making design alterations much easier to incorporate.
The l-cav programme sets out the system in an array of distances and
angles, incorporating the specific defined cavity elements so that the laser
can be built to the correct specification. A typical cavity is defined as a list
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as shown in the following paragraph. This is how the laser cavities in this
thesis are also defined, to allow easier comparison between designs. The list
shown can be easily mapped onto the laser cavity shown in figure 2.5.
Plane mirror (M4/ output coupler)
Space (distance M4-M1)
Curved mirror (ROC mirror, half angle to optical axis)
Space(M1- laser crystal)
Brewster rod (crystal length and refractive index)
Space (crystal - M2)
Curved mirror (ROC mirror, half angle to optical axis)
Space (M2-M3)
Plane mirror (M3/ SESAM)
A typical arrangement is shown below, this laser would have a crystal
spot size of 40 µm radius and a SESAM spot size of 60 µm radius. All of
the measurements are shown in mm.
Plane mirror
Space = 705
Curved mirror = 100, 13
Space = 47.30
Brewster rod = 22, 1.71
Space = 50.42
Curved mirror = 75, 15.27
Space 120
Plane mirror
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As mentioned previously, when using Cr4+:Forsterite as the laser gain
crystal it is important to ensure that cavity losses are minimised. In the
following work the output coupling values do not exceed 2 percent, result-
ing in relatively low output powers. In addition the gain crystal is cut such
that the incident surfaces are at Brewsters angle. Such a Brewster cut rod
cuts down drastically on the losses due to scattering because only light in
the saggittal plane is reflected at this angle. This presents another con-
sideration in cavity design however, as the Brewster angled rod introduces
astigmatism to the beam [78]. In order to have a stable cavity it is possible
to simply adjust the angle of the two cavity arms to compensate for this
aberration. The design showed in figure 2.5 is therefore called a four mirror
astigmatically compensated design.
2.4 The pump and mode-matching
2.4.1 Pump lasers
To chose a suitable pump laser for a Cr4+:Forsterite cavity it is necessary
to consider the absorption spectrum of the crystal. Cr4+:Forsterite has
absorption peaks at 780 nm and 900-1150 nm [79]. The second, longer
wavelength peak allows matches with many commercially available lasers
operating at 1064 nm, and is therefore the most common pump wavelength
for Cr4+:Forsterite lasers, despite the stronger absorption peak at 780 nm.
Sources available at 1064 nm include Nd:YAG [80], Nd:YVO4 [81] and Yt-
terbium fibre lasers [82], while the other absorption peaks could be accessed
by choosing alternatives such as GaAs laser diodes [83] and master oscilla-
tor power amplifiers (MOPAs) [84] operating at 980 nm or AlGaInP laser
diodes [85] at 680 nm. The pump source used for the cavities in this thesis is
a Ytterbium fibre laser, chosen because of the good beam quality, stability
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and high available powers.
2.4.2 Mode-matching
To achieve stable laser operation it is required that the pump beam and the
intra-cavity beam should have a good overlap in the crystal. This is called
mode-matching and is of vital importance when considering laser designs.
To achieve a stable cavity and good mode-matching, the pump laser must
be focussed into the laser crystal using a series of lenses (figure 2.6). The
focussing geometry used consists of a telescope and focussing lens, allow-
ing the pump beam to be focussed into a tight focal spot, maximising the
potential for accessing gain in the crystal. This pump geometry allows for
adjustments to pump alignment in addition to cavity alignment, maximis-
ing the functionality of the design, and allowing corrective measures during
laser operation. Optimal pumping geometry occurs when the focal spot is
a short distance inside the crystal, making it possible to take advantage of
the intense beam either side of the focal spot whilst keeping scattering and
losses to a minimum. This also has the advantage of reducing the potential
for optical damage to the crystal facet.
2.4.3 Focal spot sizes
The focal spot inside the laser crystal is typically of the order of 40 µm
FWHM radius. This is achieved by choosing appropriate focal length lenses
to create the telescope shown in figure 2.6. Several variations can be used,
and the resulting beam profile must be measured before building the cav-
ity to ensure that the desired focal spot is achieved. A tight focal spot
allows a large amount of energy to be passed into the crystal to excite the
gain, and helps to induce the nonlinear effects associated with the optical
Kerr Effect. However it does also mean that there is a large thermal gra-
dient across the crystal. This issue can present problems in two ways. The
40
Figure 2.6: Laser pump geometry, showing the mode matching region. The lenses used
to focus the beam are chosen depending on the focal spot required, the lenses used in
the following laser cavities are 23mm and 100mm for the telescope and 80mm for the
focussing lens.
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first of which being the global increase of temperature in the crystal, which
can cause damage and adversely affect power levels. Some form of thermal
management must therefore be implemented to allow the laser to run at
its maximum capacity [76]. In the cavities built for this thesis, the laser
crystal is encased in indium foil and then a copper jacket which is kept
at a constant temperature of 15-20 oC. The thermal management can be
provided by using either a water cooler, or a Peltier cooler and heat sinks.
In fact, keeping the laser crystal at even lower temperatures can produce
more stable operation and higher powers [43], however this has an addi-
tional problem of condensation forming on the crystal surfaces, impeding
performance. In such a system the laser crystal needs to have a nitrogen
purging system or equivalent to prevent condensation, thereby increasing
the complexity of the system and making re-alignment more difficult. For
the purpose of experimental laser design it is easier to operate at a slightly
higher temperature.
The second issue with heating can be more difficult to control and relates
to the thermal gradient caused by the tight focal spot. This gradient can
cause a thermal lensing effect [86], causing the cavity alignment to change
as the pump power is increased. This in turn means that the laser power
drops at higher pump powers, and in some cases laser operation ceases en-
tirely.
This effect can be compensated for to some extent by making cavity ad-
justments during operation and choosing a very stable laser design. However
if the laser design is less stable, the thermal lens can present major problems.
In addition to the pump focal geometry it is important to consider the
SESAM focal spot size. If the power is too low or the spot size is too large
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there will not be enough absorption to cause a bleaching effect. Conversely
too much power or too small a focal spot can lead to over saturation of the
SESAM which also inhibits mode-locking. This issue can usually be avoided
if the SESAM has sufficient surface area, however can become problematic
when space constraints make small spot sizes necessary.
2.5 Dispersion compensation
One of the most important features to consider in a ultrafast pulsed laser is
the behaviour of the pulse as it propagates round the cavity. As discussed
in chapter one, due to the refractive index of the laser crystal, the modes
that make up the pulse spread out and cause a lengthening effect. This is
called positive group velocity dispersion (GVD). In order to produce the
shortest pulses, some kind of dispersion compensation is required.
Ideally the net GVD of the cavity will be zero. To achieve this it is nec-
essary that a dispersion compensating element has the correct amount of
negative GVD to balance out the positive cavity dispersion. In this case the
positive GVD caused by the refractive index of the crystal is second order
dispersion [27]. Higher orders of dispersion may also be present, however
this is not to the detriment of pulse duration or quality in the temporal
regime relevant to the work presented in this thesis. In lasers producing
pulses of a few femtoseconds, higher order dispersion compensation is addi-
tionally required. [87]
The most simple and flexible method of managing dispersion is to use
a set of prisms [88] as shown in figure 2.7. The positive dispersion of the
cavity has the effect that the modes with a longer wavelength experience
more of a delay than the shorter wavelength pulse components, causing the
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pulse to spread out. The set of prisms shown is therefore used to force the
shorter components to experience a longer optical path, bringing all of the
modes together again and maintaining the ultrashort pulse duration.
Figure 2.7: Set of prisms showing the induced increase in optical path length for shorter
wavelengths (blue line) compared with longer wavelengths (red line).
In Z-shaped laser 4 mirror laser cavities it is sufficient to use only two
prisms instead of the full set of four, as the round trip incorporates two
passes of the cavity and the set of prisms is symmetric [89]. This decreases
the losses and complexities of the system. To further decrease the losses
the prisms are inserted at Brewsters angle. A laser cavity incorporating
dispersion compensating prisms is shown in figure 2.8.
As an aside, an additional benefit of using this type of dispersion com-
pensation is that the modes are split into a graded parallel transversely
extended beam in the section between the second prism and the output
coupler. This is an excellent region to use a physical wavelength filter such
as a slit, as it allows an improved degree of control and precision in wave-
length selection.
When inserting components into a laser system, for example the set of
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Figure 2.8: Prisms incorporated into a z-shaped laser design. The symmetrical nature
of the 4 prism dispersion compensating element, and the double pass round trip of the
standing wave cavity, means that only 2 prisms are required.
prisms discussed above, it is necessary to carefully consider the impact on
the cavity GVD due to the material they are made of. Materials typically
used for prisms are glasses such as fused silica (used in this case). An
interesting property of fused silica is that at 1300nm the dispersion is zero
[90]. The prisms therefore do not add to the positive GVD of the system.
For the lasers used in this thesis the GVD is calculated to be around 340
fs2.
Other alternative methods for dispersion compensation include diffrac-
tion gratings [91] Giles Tournois interferometers [92] and chirped mirrors
[93] [94].
2.6 Pulse measurement
To make a complete measurement of an ultra-short pulse, it is necessary to
consider both its spectral and temporal characteristics.
The spectral measurement is straight forward, and in this case the pulses
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are measured using a commercially available spectrometer. This instrument
is also very useful for observing the real time behaviour of the laser and is
used when building the laser cavity to observe whether or not mode-locked
pulses are being created. The width of the spectral bandwidth is directly
related to the pulse duration, and therefore being able to see the spectral
profile allows changes to be made to improve performance, such as chang-
ing the laser power to find the best mode-locking regions, or moving the
SESAM if the surface quality is not ideal.
The temporal measurement is more difficult and requires a less direct
approach. To measure the duration of an event, requires comparison to
another, ideally shorter event. In the case of ultra-short pulses there is no
detector fast enough to provide adequate temporal resolution to directly
measure the duration. To achieve an accurate measurement therefore, it is
necessary to use the pulse itself.
This can be achieved using techniques such as autocorrelation [95] [96],
frequency resolved optical gating (FROG) [97] and spectral phase interfer-
ometry for direct electric field reconstruction) SPIDER [98].
2.6.1 Autocorrelation
Autocorrelation is the simplest of these methods and is the measurement
technique used throughout this thesis. In mathematical terms autocorrela-
tion is the cross-correlation of a signal with itself. In this case the signal is
the laser pulse. Optical autocorelators work by splitting the incoming pulse
into two copies using a beam splitter. One copy is subjected to some form
of line delay, before the copies are superimposed in a nonlinear material.
The nonlinearity of the material allows the interaction between the pulses
to be measured, and using the known delay imposed on one pulse copy, the
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duration of the pulse can then be calculated.
This basic method can be achieved using a number of arrangements,
which fall into two categories; intensity autocorrelation and interferometric
autocorrelation. The measurements in this thesis have been made using
intensity autocorrelation.
2.6.2 Intensity autocorrelation
An intensity autocorrelator is set up as shown in figure 2.9. The pulse is
split, before travelling down two different paths, and the components are
then overlapped in a nonlinear crystal with a χ(2) nonlinearity, creating a
measurable response. Alternatively the pulses can be overlapped on the
detector, rather than in a crystal. This alternative is simpler, but requires
a 2-photon response from the detector, and hence is called 2-photon absorp-
tion autocorrelation.
Figure 2.9: Schematic of an intensity autocorrelator. The pulse is split using a beam-
splitter, and then a variable delay is applied to one optical path, before the two pulse
copies are overlapped in a χ(2) nonlinear crystal.
The delay can be introduced in different ways, in this case rotating glass
blocks are used. If the path difference is small enough such that the pulses
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overlap in the nonlinear crystal, sum frequency generation occurs [99]. The
pulse overlap is important, because the mixing product must be strong
enough to create a measurable response.
The relationship between the resulting autocorrelation signal and the
temporal delay is given by [27]:
IA(τ) =
∫ +∞
−∞
| Ip(t)Ip(t− τ) | dt (2.1)
where IA is the autocorrelation signal, and Ip is the pulse intensity.
IA can then be measured using a slow detector, and the pulse duration
can be calculated. This requires the use of a conversion factor which is
dependent on pulse shape. The pulse duration is then given by:
∆τp =
∆t
k
(2.2)
where k is the conversion factor. For a sech2 pulse k=1.542.
When using this method of pulse measurement it is clearly important to
know the pulse shape to provide the relevant conversion factor. The two
most commonly found pulse shapes are gaussian and sech2. The relevant
pulse shape in this case is sech2, and the mathematical description for such
a pulse is given in section 1.3.
A related property of the pulse, which can be calculated once the duration
is measured, is the time bandwidth product (TBP). Frequency and time are
related through the Fourier transform, and as such so are the spectral and
temporal characteristics of a pulse. This dependence is the reason that
mode-locking works to create shot pulses, using large bandwidths to create
short pulses. It also leads to the bandwidth theorem [27]:
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∆ν∆τp = α (2.3)
Where ∆ν is the full width half maximum spectral bandwidth, ∆τp is the
full width half maximum temporal with, and α is called the time bandwidth
product (TBP).
The TBP changes depending on the pulse shape, and is 0.315 for a sech2
pulse. The TBP can be used as a measure of quality for a pulse. In the
ideal case the TBP is equal to 0.315, and the pulse is said to be transform
limited, meaning that it is the shortest possible temporal duration for the
spectral width given. Larger TBP values can be an indication of chirp in
the pulse. [27]
As no phase information is present in an intensity autocorrelation mea-
surement, a direct measurement of chirp is not possible. However a similar
technique, interferometric autocorrolation, can be employed. In this case
the two pulse copies are superimposed prior to the nonlinear material, so
that the fringes are present in the autocorrelation trace. This gives infor-
mation about the degree of chirp in the pulse. This type of autocorrelation
is best for very short duration pulses (of a few fs or less). Alternatively
FROG and SPIDER give yet more precision and information about pulse
shape, however are not suitable for all wavelengths.
2.7 Conclusion
In this chapter the specific details of Cr4+:Forsterite lasers are discussed. In
particular the material itself, which is an orthorhombic crystal structure be-
longing to the mineral group the olivines. The suitability of Cr4+:Forsterite
as a laser material is considered, and the practicalities of designing a laser
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system to incorporate this material are discussed. Laser design and dis-
persion compensation are also then examined, considering the alternative
methods to successfully produce femtosecond mode-locked pulses from this
laser system. Finally the measurement of pulses is discussed, concluding
the experimental design section of this thesis.
The techniques and designs described in this chapter are used throughout
the following sections to investigate Cr4+:Forsterite lasers in different forms,
with an emphasis on using the SESAM as a method of laser control in
addition to a mode locking device.
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Chapter 3
Optical switching of pulse
regimes
3.1 Introduction
3.2 Introduction to optical switching
As discussed in chapter 1, the ability to control the temporal output char-
acteristics of a pulsed Cr4+:Forsterite laser has the potential to be of benefit
to applications in fields such as biophotonics [11] [100] [101]. The challenge
of gaining successful control of such a laser is addressed in this chapter, with
an emphasis on facilitating a rapid switch between pulse duration regimes.
One option available to effect such a change in laser output is to consider the
operation of the SESAM. It was demonstrated in 1996 by Tsuda et al [33]
that changes in the laser output could be achieved by heating a SESAM.
The resulting change in the absorption characteristics of the QW in the
absorber layer led to a change in pulse regime, although remaining in the
picosecond timescale. However the required temperatures (up to 150oC and
slow unstable switching; of the order of a few seconds) make this technique
a non-viable option for many applications.
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The technique of using the optical power of an external laser to change
the operational regime of a mode-locked solid state laser was first demon-
strated by Savitski et al [102] using a Nd:YVO4 laser and an 808nm fibre
coupled diode laser as an external optical pump. In this case the SESAM
is not heated as a whole, rather the external diode laser is used to heat
only the small region overlapping with the intra-cavity beam. As the diode
has a non-resonant wavelength, with energy greater than the QW band-
gap, the optical power is absorbed into the semiconductor, leading to the
desired localised heating effect. In their investigations Savitski et al. found
that switching times down to 50 µs could be achieved between CW and
mode-locked regimes, using an automatically varying power supply for the
external diode laser. The SESAM used, originally designed as part of a
semiconductor disk laser, consisted of 10 InGaAs/GaAsP QWs grown on
an AlAs/AlGaAs distributed Bragg reflector (DBR).
The optical switching technique has been further expanded in the work
described here to demonstrate its application to a Cr4+:Forsterite laser. The
technique used is the same as that employed by Savitski et al. and owing to
a similar laser design, the experimental setup is also similar. However it is
important to note that Cr4+:Forsterite has very low gain, and as such can
cope only with much lower output coupling values, as discussed in chapter
2. It is therefore very important to consider cavity perturbations carefully
in the design process in order to keep the laser running stably.
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3.3 Experimental design and initial characterisation
The cavity geometry used in the following experiments was a variation of
the standard design shown in chapter 2. The laser cavity illustrated in
figure 3.1 also included a physical wavelength filter, ie. a tuning slit, and
incorporated a 1% output coupler.
Figure 3.1: Laser cavity design used for optical switching, incorporating an external laser
source to provide a secondary pump for the SESAM.
The external laser diode shown in figure 3.1 is a fibre coupled conduction
cooled single bar DILAS system operating at 640 nm with maximum power
of 600 mW. The diode power characterisation is shown in figure 3.2. The
diode is connected to a driver to allow specific powers to be applied to the
SESAM and allow easier control when switching. The focussing geometry
of the 640 nm light presented some challenges, as it is preferable to use a
shallow angle (to the normal of the SESAM) to allow the best overlap of the
640 nm diode pump and the intra-cavity focal spot on the SESAM. Initially
this was attempted using free space optics and a non-coupled diode source,
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however much better results were achieved using a fibre coupled diode with
an attached short focal length lens (f =15 mm)
Figure 3.2: Calibration of the diode pump used as an external source.
The SESAM design was anti-resonant, and the device was grown by
molecular beam epitaxy [47]. The basic design consisted of an n-doped
35.5-pair AlGaAs/GaAs Distributed Bragg Reflector, and an insulating λ/2-
thick GaAs layer incorporating a single GaInNAs QW and a p-doped λ-thick
top GaAs layer (centred in this GaAs layer).
To allow full thermal control and to keep the operational conditions sta-
ble, the SESAM was glued to a 3mm thick copper disk with thermally
conductive adhesive which was in turn mounted on a thermoelectric cooler.
The output of the 640 nm external diode laser, was focused to an elliptical
spot on the SESAM of 100 µm by 200 µm radius 1/e2 (including the 45o an-
gle of incidence as shown in figure 3.1). This spot size was small enough to
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ensure a high intensity on the SESAM, but large enough to allow for a good
overlap with the intra-cavity laser mode, a circular spot with radius 150 µm.
The power characteristic of the Cr4+:Forsterite laser is shown in figure
3.3. The output power is measured for both a high reflectivity mirror and
the SESAM, at this point the external laser diode is not switched on. Stable
mode-locking was achieved when the SESAM was in place between 15 mW
and 60 mW of laser output power, higher powers led to a noisy multi-pulse
spectrum.
Figure 3.3: Power characteristics of the laser cavity used for the following series of
measurements. The output coupling value of the laser is 1%
The wavelength tuning range of the SESAM was also characterised using
an intra-cavity filter to select specific wavelengths. This was achieved by
positioning a narrow slit in the expanded beam region between the disper-
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sion compensating prisms and the output coupler. In this case a simple slit
is used as a filter, as shown in figure 3.4, and the resulting tuning range
from 1248 nm to 1312 nm is shown in figure 3.5 (where the incident pump
power is kept at a constant 4W)
Figure 3.4: Slit used as a wavelength filter in the laser cavity.
Figures 3.6-3.9 show the characterisation of the pulses produced by the
laser with the SESAM inserted. The pulse durations were measured using
a Femtochrome FR103MN intensity autocorrelator and the spectrum mea-
sured using an IST Rees spectrum analyser. As a clean switching pattern is
observed these pulses can be assumed to represent an accurate description
of the pulse behaviour when an automated switch is implemented.
Stable pulse durations of 263 fs and 35.4 ps (with the application of the
external diode) were realised. The spectral traces are shown in figures 3.6
and 3.8, with the corresponding autocorrelation traces shown in figures 3.7
and 3.9.
The femtosecond pulses were produced with laser output power 27 mW
(at incident pump power 2.6 W). The spectral width was measured to be 6.5
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Figure 3.5: Tuning range of the laser with the SESAM in place.
nm (1.22 THz) and assuming a sech2 profile, the time bandwidth product
is 0.322. This is just above the minimum of 0.315 indicating near transform
limited pulses. Upon application of the 640 nm light, the laser operation
switched to the picosecond regime. The spectral measurement (figure 3.8)
indicates a blue-shift of a few nanometers in centre wavelength. The power
output of the Cr4+:Forsterite laser remained unchanged when the switch
between femtosecond and picosecond regimes took place.
To confirm single pulse operation the pulse repetition frequency was mea-
sured with an RF spectrum analyser, using a fast InGaAs photodiode as
a detector. The repetition frequency of 162 MHz had no side bands. This
indicates the absence of Q-switching instabilities [51] and multi-pulsing be-
haviour at this power level. The RFSA is also a useful tool for determining
whether the laser is operating in a pulsed regime, and diagnosing multi-pulse
behaviour that is not immediately apparent by observing the spectrum.
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Interestingly it was also possible to obtain shorter pulses from these
SESAMs by increasing the pump power and finding higher power mode-
locking power regions. Using this method pulse durations as short as 74
fs have been obtained with this SESAM. The higher pump powers suggest
that the mode locking mechanism is no longer entirely SESAM based, and
pulse formation may be due to a combination of nonlinear Kerr effects and
solitonic pulse shaping. Characteristic behaviour of mode-locking in these
power regions includes a very unstable performance, often switching be-
tween two or three short pulse shapes in quick succession. Unfortunately
the associated pulse instability makes this method of mode-locking unsuit-
able for use in many applications, however the short pulse durations may
merit further investigation. In addition, for the purpose of the experiments
detailed in this thesis, changing nonlinear effects may mask changes due to
biasing the SESAM which would make this latter regime unsuitable for the
assessment of switching performance.
Figure 3.6: Spectral measurement of the
femtosecond pulses, produced when no
diode light was incident. FWHM = 6
nm
Figure 3.7: Autocorrelation of the
pulses shown in figure 3.6. The dura-
tion was measured as 263 fs with power
27 mW
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Figure 3.8: spectral measurement of
the picosecond pulses, produced with
600 mW of incident diode laser power.
FWHM = 1.5 nm
Figure 3.9: Autocorrelation of the
pulses shown in figure 3.8. The duration
is measured to be 35.4 ps with power 27
mW
3.3.1 Using the 2-photon response as a diagnostic tool
One further important consideration for the following investigations is the
ability to rapidly measure the pulse regime. There exist a number of meth-
ods for the measurement of ultrashort pulses (as discussed in chapter 2) but
to record the switching between two different pulse duration regimes requires
a measurement which differentiates between duration and also measures
with respect to time (ie, a measurement with a timebase). The solution
employed here is to make use of the 2-photon absorption effect [26]. This
effect is nonlinear, and therefore has a greater response to higher intensities,
meaning that if the 2 photon response of an appropriate material is mea-
sured it is possible to determine whether the switching is successful, and also
determine the rapidity of the switch (as the 2-photon response is a fast ef-
fect [26]). To do this requires a material which has a two photon response to
light with a wavelength around 1280nm. In this case a fast silicon photodi-
ode was used (reverse-biased BPX65) with a 5 mm focal length aspheric lens
to focus the laser output to a sufficiently small spot to observe the 2-photon
response when the laser is in pulsed mode. To set up the diagnostic equip-
ment in a manageable way a beam splitter was used, as shown in figure 3.10.
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Figure 3.10: Arrangement of the 2-photon absorption based diagnostic equipment. The
IR detector is an InGaAs photodiode, the Si detector is a silicon photodiode, BS is a 4%
beam splitter, and 1/4WP is a quarter wave plate inserted to prevent feedback into the
laser.
The IR detector labelled in the figure is an InGaAs photodiode (to di-
rectly detect 1300 nm radiation), used to monitor the laser performance for
instabilities. Also included is a quarter wave plate, positioned to provide a
polarisation rotation of 90o to reflected light. This was necessary to avoid
feedback into the laser
3.4 Optical switching investigations.
Following the successful switching from 263 fs to 35.4 ps pulses, realised
with the application of 600 mW of laser diode power, an automated switch
was set up to allow the measurement of switching times. This arrangement
also makes it easier to study the effect of laser diode power on switching
times and stability, as is investigated in the following section.
As the switching mechanism is due to a heating effect, the duration that
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the external diode active can also have an effect on the pulse shape. Measur-
ing the pulse shape while switching is not possible, so this effect is difficult
to capture, however it is possible to control the heat absorbed by adjusting
the laser diode drive current (the characterisation of laser diode power is
shown in figure 3.2.
3.4.1 2 photon measurements
Using the calibration of the laser diode power with drive current, it is
straightforward to measure the optical switching efficiency using the 2-
photon measurement technique as a function of diode drive current. This
is shown in the following set of figures (from 3.11 to 3.19 ). In figures 3.11
to 3.17 the Cr4+:Forsterite laser was operating initially in the femtosecond
regime (as shown in figures 3.6 and 3.7) before being switched to the pi-
cosecond pulse regime (indicated in figures 3.8 and 3.9) with application of
the laser diode. This is seen in figures 3.11 to 3.17 as a black line, which
indicates the diode drive current, applied with the use of a signal genera-
tor which created a square wave function. The coloured traces represent
the 2-photon signal, which changes with changing laser peak power as de-
scribed in section 3.2.2. The upper level of the coloured traces represents
the femtosecond mode-locking regime. In this set of figures the left axis is
for the coloured 2-photon traces, and the right axis is for the black trace
representing the diode drive current.
From figures 3.11 and 3.12 it is difficult to gain much information about
switching times, as full switching is not properly established at this stage.
However it is interesting to note that even without a full switch to pi-
cosecond durations there is still a modulation in pulse duration below the
switching threshold. This may merit further investigation as a method of
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controlling pulse duration on a smaller scale.
Figure 3.11: 2-photon measurement (red) with a diode current of 3.8A (drive current
shown in black).
At a diode drive current of, 5.9 A complete switching is realised, but
not very reliably or with a fast timescale. This represents the switching
threshold for optical switching of this SESAM.
As the drive current is increased, a decrease in switching time from fem-
tosecond to picosecond regimes is observed (see figures 3.14-3.17 ). There
is also an increase in time to switch back to femtosecond pulses at higher
drive currents however. The optimal drive current is around 8 A for the
best repeatability and switching times.
From the data in figures 3.11 to 3.17, it is evident that a range of dif-
ferent switching performances are available by selecting the relevant drive
currents. The findings from this investigation in terms of switching times
with drive current, can be compiled as shown in figures 3.18 and 3.19.
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Figure 3.12: 2-photon measurement (red) with a diode current of 5.0A (drive current
shown in black).
Figure 3.13: 2-photon measurement (multi) with a diode current of 5.9A (drive current
shown in black). At this level of drive current, the switch only occurs some of the time.
The switching threshold is around this level.
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Figure 3.14: 2-photon measurement (multi) with a diode current of 6.4A (drive current
shown in black). This level is optimal for picosecond to femtosecond switching times,
due to minimal residual heat when the diode is switched off.
Figure 3.15: 2-photon measurement (multi) with a diode current of 7.1A (drive cur-
rent shown in black). The femtosecond to picosecond switching times are decreasing
with increasing drive current, while the picosecond to femtosecond switching times are
increasing and becoming erratic.
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Figure 3.16: 2-photon measurement (multi) with a diode current of 8.0A (drive current
shown in black). The femtosecond to picosecond switching times continue to decrease,
as the picosecond to femtosecond switching times remain erratic.
Figure 3.17: 2-photon measurement (multi) with a diode current of 9.5A (drive current
shown in black). This represents the highest level of drive current, and yields the fastest
femtosecond to picosecond switching times, at a timescale of 0.3 ms. Although the
picosecond to femtosecond switching times remain much longer, the switch is still made
in most cases.
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Figure 3.18 shows the spread of switching times for the different drive
currents of the diode laser. This data can be averaged (minus the longest
and shortest times) to give a trend, as shown in figure 3.19. This shows that
the drive current can be chosen based on a preference for switching to one
regime, or as a balance between the two switches. This preference may be
chosen as a result of the experimental applications of the switching method.
Figures 3.18 and 3.19 also show that the switching times for picosecond
to femtosecond regimes are significantly longer than the femtosecond to pi-
cosecond switching times. This is to be expected as the buildup time for
femtosecond pulses will affect the switching time. Additional factors that
may contribute to such an effect include the difference between the rapidity
of the switching effect and the SESAM recovery time, and the dissipation
of residual heat through the layers of the device. Using the external pump
for extended periods of time may also lead to some further heating effects.
This can be managed however, by controlling the global temperature of
the device with a Peltier. Further information on the thermal effects of
this type of switching is detailed in [102]. Figure 3.18 also allows a direct
comparison of the switching stability for each drive current. In general the
spread of values for increasing drive currents decreases for the femtosecond
to picosecond switch and increases for the picosecond to femtosecond switch.
As a final note to the work presented in this chapter, and to confirm
the heating based aspect of the optical switching technique, figure 3.20
shows the results of a previous study in temperature tuning a GaInNAs
SESAM in a Cr4+:Forsterite laser. To create the effect shown, the SESAM
was bulk heated using a temperature controlled mount, rather than locally
heated using an additional high energy pump laser. This work (carried out
in collaboration with Dr David Walsh) shows the temperatures required
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Figure 3.18: Data from figures 3.11 to 3.17, to show the switching times for each diode
drive current.
Figure 3.19: Average switching times (minus lowest and highest readings) to give a trend
of switching times with increasing diode drive current.
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to make a switch between pulse regimes, and demonstrates an alternative
(although less flexible) control technique of SESAMs. Due to the slow
nature of this type of switching, further investigations were not carried
out in the work presented here.
Figure 3.20: Spectral measurements showing the results of bulk temperature pulse du-
ration tuning of a GaInNAs SESAM in a Cr4+:Forsterite laser.
3.5 Conclusion
In this chapter the technique of optically controlling a SESAM for pulse
duration switching in Cr4+:Forsterite lasers has been explored. Successful
switching was achieved with timescales of the order 1-3 ms for picosecond to
femtosecond switching, and 0.5 ms for femtosecond to picosecond switching.
This time difference arises from the buildup time to produce femtosecond
pulses. The switching stability is shown in the spread of switching times
shown in figure 3.18, this indicates that, while the technique is successful
there are still possible improvements to be made in terms of repeatability
and stability of the switching process. The results indicate that this tech-
nique is a viable control mechanism for Cr4+:Forsterite, and shows compa-
rable results to previous studies in optical switching by Savitski et al. [102]
in which a Cr:LiSaf laser was used. The initial power measurements of the
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GaInNAs SESAM are also shown in figure 3.3, indicating a reasonably good
performance, with maximum power 280 mW available with 7.5 W incident
pump power and 1% output coupling.
The following chapter will further build on the investigations into regime
switching, employing an all electrical technique to provide a control mech-
anism. The same SESAM design is used to enable comparison between the
two techniques.
69
Chapter 4
QCSE switching of pulse
regimes
4.1 Introduction
This chapter explores the possibility of controlling the optical properties
of a SESAM in real time using an applied electric field to cause a pulse
switching effect. Active pulse duration switching via SESAM control has
been demonstrated using optical an optical switching technique by Savitski
et al [102]. In the previous chapter this technique was implemented success-
fully as a control mechanism Cr4+:Forsterite lasers. This technique includes
an auxiliary pump laser and is based on heating effects in the semiconduc-
tor. Precise optical alignment is required for this method to be successful.
In the following chapter the aim is to improve the efficiency of switching
in a Cr4+:Forsterite laser by employing an all electrical switching technique.
By eliminating the need for an additional optical pump laser, an electrically
based technique should become more efficient, and should also benefit from
faster switching times, as heating is no longer the switching mechanism.
Additionally the need for cooling equipment to provide stabilisation of the
70
SESAM is eliminated. This ideally creates a more usable system which can
be utilised in experimental setups where it is desirable to rapidly switch
between pulse regimes with a high level of temporal control, or gain control
of the peak power (via pulse duration) while maintaining the average power.
Previous work in the field of electrical SESAM control has included in-
vestigations by Lagatsky [103], Stormont [104]and Zolotovskaya [105]. In
the work by Stormont et al., a quantum well based vertical extermal-cavity
surface emitting laser (VECSEL) [106] was used as a saturable absorber
in a Ti:Sapphire laser. The device was reverse biased to obtain switching
between CW and pulses with durations of 100s of picoseconds. The study
by Lagatsky et al. showed that it was possible to gain electrical control of a
quantum dot SESAM in a Yb:KYW laser operating at 1029 nm, achieving
pulse duration tuning between 10.5 and 6.8 ps. Zolotovskaya et al. then used
a carrier injection technique by forward biasing a quantum dot SESAM in
a Cr4+:Forsterite laser to obtain switching from 17.4 ps to 6.4 ps at 1280 nm.
In this chapter the technique of electrical switching is extended by re-
verse biasing the SESAM to induce a Stark shift in the energy levels of the
quantum well (the quantum confined Stark effect (QCSE) [65]). The aim
is to alter the energy levels in the well with the application of an external
electric field, so that the wavelength of the absorption peaks is also shifted.
The QCSE is responsible for the change in the optical absorption spec-
trum of a quantum well when there is an applied external electric field.
Given that in a QW the Stark shift manifests itself as a modulation of the
effective band gap, in a quantum-well SESAM this means that it is possible
to create a bias-induced change in the absorption spectrum (See figure 4.1.)
The SESAM absorption performance can thus be effectively wavelength
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Figure 4.1: Schematic of the effect of an applied bias on the absorption of a quantum
well, the quantum confined Stark effect, or QCSE.
tuned, to facilitate a real-time active control of its function within the laser.
For example, changing its function from saturable absorber to high reflector
for example, through the application of a suitable electric field. It is there-
fore possible to effectively wavelength tune the absorption performance of
the SESAM, facilitating direct active control of its function within the laser.
This means that for a single wavelength the absorption is altered, and hence
the function of the SESAM is changed, allowing switching between pulse
duration regimes with the application of an electric field.
Using this technique rather than carrier injection should eliminate the
damage that can be caused by the high currents induced by forward biasing
the device. In this chapter it is shown that this technique can be used to
switch the pulse regime of a Cr4+:Forsterite laser operating with a specially
designed, electrically controlled, GaInNAs quantum well SESAM. Switch-
ing is achieved between CW and picosecond regimes and, using the same
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SESAM, between picosecond and femtosecond pulse regimes. The possibil-
ity of CW to femtosecond switching is also explored, yielding partial success.
As the SESAM design is the same as the device used to investigate optical
switching in chapter 3 it is possible to make a direct comparison between
the two techniques. The chapter concludes with discussion and comparison
of the results and aims for future experiments and extensions to improve
the technique.
4.2 Setup and experimental design
Two SESAM samples were prepared for this work, allowing comparative
analysis of performance between a SESAM without any electrical contacts
and a device with an additional surface layer, allowing the application of a
reverse bias. The basic design was the same as the SESAM used in chapter 3.
The contacted device was identical in design to the un-contacted one,
with the exception of additional layers on the surfaces to allow the applica-
tion of an electric field. The design of the SESAM had to be such that it
was possible to induce the QCSE, while maintaining the use of the device
as a saturable absorber.
To enable the application of a reverse bias such that the SESAM could
be inserted into the laser cavity in the same way as a normal reflecting
SESAM, the top surface contact layer had an aperture-based configuration
into which the intra-cavity light field could be coupled, as shown in fig-
ure 4.1. This layer consisted of a planar InSe/Au n-contact, 50 mm-wide
Au/Zn/Au ring p-contacts (with inner diameter ranging from 50 to 200 µm)
and Si3N4-insulated 460 mm square Ti/Au bonding pads. The requirement
for the apertures was that they were small enough to ensure a uniform field
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across the localised area of SESAM, but large enough to couple the focal
spot of the intra-cavity beam effectively. The range of aperture sizes allowed
the experimental determination of the optimal compromise, and in practice
only the largest of these apertures were used in switching experiments. The
SESAMs were mounted onto PCB as shown in figure 4.2, to allow insertion
into the laser cavity.
Figure 4.2: Photograph of the electrically contacted quantum well GaInNAs SESAM
used in this chapter. The apertures range from 50 to 200um in diameter.
Prior to use in a laser system the absorption properties of the SESAM
were characterised with an applied reverse bias. This was achieved by mea-
suring the photocurrent response of the devices. The results are shown in
figure 4.3, where the change in absorption as a function of applied reverse
bias is clearly seen, indicating that the SESAM has the potential to per-
form well for switching between pulse regimes. As would be expected, the
observed behaviour is characteristic of the changes caused by the QCSE.
A red shift is induced in the absorption peak of the quantum well as the
reverse bias is increased, causing a weakening of the absorption. This is
a clear indication that the design works well and that sufficient modifica-
tion of the performance can be achieved using moderate voltages to reverse
bias the device. It should be noted that although the operating conditions
under which these measurements are taken do not precisely match the en-
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vironment within a laser cavity, previous work by Grange et al. [107] on
GaInNAs SESAMs indicates that they provide a reasonable representation
of the properties of the device.
Figure 4.3: Electric field induced change in absorption (for 8nm In0.38GaAsN0.016 / GaAs
absorber). The above image shows the photocurrent response of a reverse biased 200 um
diameter aperture on the device shown in figure 3.1.
In addition to measuring the photocurrent response, spectroscopic photo-
reflectance measurements [108] were also carried out by colleagues at the
University of Strathclyde. This allowed a more precise characterisation of
the evolution of the QW band-gap with applied reverse voltage. Figure
4.4 shows the recorded signals and also the identified band-gap energies.
Figure 4.5 then shows the measured shift in band-gap with applied bias,
and the theoretical predictions for an infinitely deep QW [109], found using
the following equation:
Eg(F ) = Eg(0kV/cm) +
(pi2 − 15)(meff,e +meff,he2c2F 2t4QW )
24pi4~2
(4.1)
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where Eg(0kV/cm) is the band-gap in the absence of applied electric
field, tQW is the QW thickness (8nm here), e is the charge of the electron,
c is the speed of light, ~ is the reduced Plank constant, F is the applied
electric field and meff,e (respectively meff,h) is the electron (respectively
hole) effective mass (meff,e= 0.08m0 [110] and meff,h=0.343m0 [110] [111]).
Figure 4.4: Photoreflectance characterisation of the response of a 200um-diameter QCSE
SESAM. The curves are vertically offsest for enhanced visibility. The black dashed line
indicates the band-gap energy.
Comparing the band-gap measurements taken from figure 4.4 with the
theoretical prediction from equation 4.1 shows a good agreement between
theory and measurement in this case. This is seen in figure 4.5
4.3 Laser design and characterisation
The laser cavity used in the following investigations is illustrated in figure
4.6. It was formed from a z-shaped astigmatically-compensated design as
was discussed in chapter 2. The design of this laser cavity was subject to
some interesting constraints, most notably that the intra-cavity beam spot
diameter on the SESAM of 80 µm was chosen to be compatible with the 200
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Figure 4.5: Field induced band-gap change derived from the photo-reflectance response
of a 200um-diameter QCSE SESAM and the theoretical calculations. (voltage drops
across the doped regions are assumed to be negligible.)
µm-aperture SESAM. This provided a system that would work with mini-
mal losses due to clipping on the edge of the aperture. Smaller spot sizes
were tested in an attempt to improve the uniformity of the electric field
across the localised area of SESAM. However mode-locking performance
was significantly decreased as the focal diameter was reduced. This may
be due to over-saturation of the SESAM. The chosen design provides an
optimal arrangement allowing both low-loss coupling into the SESAM, and
efficient mode locking. When operated with a plane high reflecting (HR)
mirror at the SESAM location, and 2% output coupling, the laser gave a
maximum output power of 530 mW at a centre wavelength of 1265 nm indi-
cating sufficiently good performance. The power characteristics for the laser
with both the contacted and un-contacted SESAMs are shown in figure 4.7.
(note that the contacted device is still un-biased at this stage). The sim-
ilarity in performance between the two devices shows that the fabrication
process for the aperture, the laser alignment, and beam clipping have not
added significantly to any losses within the cavity. The threshold for stable
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mode-locking was found to be around 10 mW output power, however noisy
pulsing was observed as soon as the laser was turned on.
Figure 4.6: Schematic of the laser cavity used in the following investigations. The z-
shaped astigmatically-compensated cavity incorporates a pair of fused silica prisms and
a Brewster cut Cr:Forsterite laser rod.
Using the laser shown in figure 4.6 the un-contacted SESAM was more
thoroughly characterised. The threshold level for stable femtosecond mode
locking was found to be 24 mW output. Pulses as short as 285 fs could
be generated with a bandwidth of 6 nm and a centre wavelength of 1265
nm. Using a radio frequency spectrum analyser (RFSA) the pulse repeti-
tion frequency of the laser was measured to be 165 MHz. The correspond-
ing time-bandwidth product of 0.322 indicated frequency-chirp-free perfor-
mance. The pulse measurements are shown in the results section (4.4) in
figures 4.11 and 4.12.
As the SESAM design for the contacted and un-contacted devices is
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Figure 4.7: Power characteristic of the laser cavity incorporating a high reflector (blue)
the bulk SESAM (black) and the SESAM with apertures (red-dashed).
essentially the same, the previous measurements are then used as a baseline
for assessing the performance of the apertured contacted device, and for
adjusting the laser cavity to the correct configuration before swapping the
contacted devices with the non-contacted. The un-contacted SESAM was
therefore replaced by the contacted device and the intra-cavity spot on the
SESAM was adjusted to fall completely within one of the 200 µm apertures.
In a free-running operation (without an intra-cavity filter for wavelength
control), the preferred laser operating wavelength was 1265nm. With the
inclusion of an intra-cavity wavelength filter tuning could be achieved from
1215 nm to 1300 nm. This is shown in figure 4.8.
4.4 Results
4.4.1 Femtosecond to picosecond switching
To observe switching behaviour in the laser, a reverse bias was applied to
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Figure 4.8: Wavelength tuning range of the laser with the contacted SESAM. The gap
in the data is due to the laser jumping between wavelengths to find stable operating
regimes as the slit is moved.
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the SESAM. This is was achieved and observed using a signal generator
and a power meter to give a periodic (square wave) signal. The signal was
viewed on an oscilloscope with the 2 photon signal to give an accurate mea-
surement of response with applied voltage. After trial and error the SESAM
was reverse biased at 4 V to successfully obtain pulse duration switching.
This induced a change from femtosecond operation at 1257 nm with pulse
durations of 285 fs (and TBP=0.332),to picosecond operation at 1272 nm
with pulse durations of 6.4 ps (TBP= 0.34) whilst maintaining a constant
average output power of 25 mW. The pulse measurements are shown in
figures 4.11 to 4.14
Observing the 2-photon signal and the signal generator square wave al-
lows measurement of transient switching time from femtosecond to picosec-
ond operation. This switching time was around 20 µs with around 200 µs
to switch back. The repeatability of this behaviour is demonstrated in Fig.
6 for a voltage modulation frequency of 300 Hz. The threshold bias for
switching was around 2 V and was optimum for this particular laser and
SESAM at 4 V. For this optimal bias level the electric field is around 13
KVm−1. Higher reverse bias values caused the laser operation to become
unstable. From figure 3.2 this appears to be due to the fact that the absorp-
tion peak has become too weak to sustain mode-locking at this wavelength.
From figures 5.11 and 5.13 a 15 nm spectral shift from 1257 nm to 1272
nm is observed between the femtosecond and picosecond pulse regimes.
Jumps in wavelength are common in lasers that are disrupted in some way,
for example the manual adjustments of mounts that are made to improve
mode-locking performance when a laser is built. In this case the disruption
has been to the SESAM absorption rather than the position, the longer
wavelength represents a more stable operating regime for the picosecond
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Figure 4.9: Biasing signal (red) and 2-photon response, indicating pulse regime
(blue).The signal shows femtosecond to picosecond switching over a period of 20ms.
The switch is seen to be repeatable and the pulse durations (as indicated by the level of
the 2-photon signal in blue) are also relatively stable. Note that the left axis is for the
red trace and the right axis for the blue.
Figure 4.10: 2-photon signal showing femtosecond to picosecond switching over a period
of 1.5 ms. Showing the rapid switching times achieved with this technique.
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Figure 4.11: Spectral measurement of
the femtosecond pulses, the operational
regime with no reverse bias applied
Figure 4.12: Autocorrelation of the laser
operating with femtosecond pulses. The
measurement shows the pulse duration
to be 285 fs
Figure 4.13: Spectral measurement of
the picosecond pulses, the operational
regime with 4 V reverse bias applied
Figure 4.14: Autocorrelation of the
femtosecond pulses. The measurement
shows the pulse duration to be 6.41 ps
pulses, and hence the wavelength changes when the switch is made. Stable
CW operation in this wavelength region was not found, and larger jumps
than this resulted in unstable switching operation.
4.4.2 CW-picosecond switching
When tuning the laser to obtain the data presented in figure 4.15-4.14, the
spectrum and RFSA signal were closely monitored. It became evident that
the trend was to longer pulses as the laser was tuned to longer wavelengths
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from the central peak of around 1265nm. With this information in mind,
the laser was tuned to a longer wavelength to attempt switching from CW to
picosecond regimes. The laser was wavelength-tuned using an intra-cavity
filter as described in section 3.2.1, to achieve picosecond to CW switching
at 1283 nm with the application of 3V reverse bias. The laser produced
output powers of 82 mW when mode locked and 77 mW when operating in
a CW regime. The pulse duration of the picosecond pulses was measured
as 116 ps, however observing the autocorrelation trace in figure 4.16 sug-
gests that the pulses are actually longer than this. The truncated signal
indicates that the limits of the measurement apparatus have been reached
in this case. The 2-photon signal is shown in figure 4.17. The signal is quite
noisy, suggesting that multiple competing picosecond pulses may be present.
Figure 4.15: Spectral measurement of
the laser in two different operating
regimes, picosecond pulses (1281 nm)
shown in blue and CW (1283.5 nm)
shown in black
Figure 4.16: Autocorrelation of the pi-
cosecond pulses. The truncated edges
of the trace suggests that the measured
116 ps is shorter than the actual pulse
duration.
4.4.3 Femtosecond-CW switching
Using this method, it would be desirable to be able to switch directly from
CW to mode-locking in the femtosecond regime, but although it was possi-
ble to access both un-mode-locked and femtosecond-mode-locked operation
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Figure 4.17: 2-photon signal showing switching between cw and picosecond regimes. The
noisy signal suggests that there may be multiple picosecond pulses in competition.
with an increased applied reverse bias of 6.5 V in the same spectral region as
indicated in figure 4.15, the operation was not stable and jumping between
the different pulse regimes can be observed during periods of continuously
applied reverse bias (figure 4.18) This was attributed to the laser operat-
ing at the edge of its performance characteristic and further work will be
required to optimise SESAM performance to exploit this facility.
This behaviour and potential for switching from femtosecond mode-
locked operation to CW operation will be explored further in chapter 5.
4.5 Conclusion
In this chapter successful switching between mode-locked pulse regimes has
been demonstrated via the application of a reverse biased SESAM in a
Cr4+:Forsterite laser. The technique was based on an electrical manipula-
tion to the SESAM, the applied reverse bias inducing a Stark shift in the
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Figure 4.18: 2-photon signal of femtosecond, picosecond and CW regimes. Assessing
the limits of the current experimental design shows that there is potential for femtosec-
ond mode-locked to CW switching. However this figure shows that at this point the
configuration does now allow for stable operation in this regime
quantum well absorber layer (QCSE) [65], and consequentially altering the
absorption profile of the device. The use of a reverse rather than a forward
bias eliminates the issues with damage that are associated with high cur-
rents.
Using this technique switching was realised between femtosecond and pi-
cosecond pulse regimes, and also between picosecond and CW regimes, how-
ever extending the switch to femtosecond to CW regime switching yielded
only a partial success, with the resulting measurements indicating a high
degree of instability in the switch.
To change between switching regimes, ie. to achieve picosecond to CW
switching rather than femtosecond to picosecond switching required that
the laser wavelength was changed. Picosecond pulses were realised at a
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range of wavelengths, in the femtosecond switch regime at 1273 nm, and
in the CW switching regime at 1283 nm. The femtosecond and CW wave-
lengths were more specific however, with stable operation only achieved at
one wavelength; 1282 nm for CW operation and 1257 nm for femtosecond
operation. The difference in stable operating wavelengths between CW and
femtosecond operation proved too large to make a successful switch viable.
This has proved to be the limit of switching capabilities for this device.
The following chapter will further investigate the technique of electrical
SESAM manipulation by the QCSE. Devices with alternative designs will
be researched with the aim of producing a successful CW to femtosecond
switch.
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Chapter 5
Extensions to the electrical
switching technique
5.1 Introduction
This chapter describes a continuation of the investigations into the QCSE
switching technique. In the experiments described in the following pages,
the SESAMs used are based on the design of the device used in the previous
two chapters. The devices have an altered absorber layer however, incor-
porating two new QW shapes to assess how this affects the response of the
device to the QCSE, and hence the switching performance. The two new
alternative SESAM designs are based on a stepped well geometry and then
a pair of coupled wells. (see figure 5.1)
As the QCSE technique works by shifting the energy levels when a reverse
bias is applied to the device, it is logical to investigate whether the effect
can be improved by altering the arrangement of the energy levels in the
QW. This can be achieved by changing the shape of the QW, and therefore
altering the confinement and subsequent distribution of energy levels.The
stepped geometry was tested first and proved to be unsuccessful, owing to
a lack of absorption in the device. The coupled well design produced some
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Figure 5.1: Schematic of the quantum well absorber shapes of the square well SESAM
(as used in chapter 4) and the two new designs use in chapter 5, the stepped and coupled
quantum wells.
interesting results which are documented in the following pages. The most
significant finding was the capability of this device to switch from stable
femtosecond pulsed operation into a regime with much longer pulses, possi-
bly originating from the presence of Q-switching instabilities [51], and much
longer than the limits of the autocorrelation, producing flat traces. These
results suggest that there is scope for the further improvement and expan-
sion of this technique through investigation into new SESAM designs.
Together the two parts of this chapter pave the way for further investi-
gations into the field of active SESAM based control of ultrafast solid-state
lasers, outlining the importance of SESAM and laser design in addition to
control of the bias level in the case of electrically based control. This clearly
demonstrates the many variables at work in this laser regime switching tech-
nique, outlining the potential for various avenues of further investigation.
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5.2 Design 1: The stepped quantum well absorber
The first change in SESAM design involved incorporating a step based ge-
ometry into the quantum well absorber. This means that the top of the well
is now wider than the bottom, which in turn gives a change in the confine-
ment between the lower and upper energy levels provided by the well. This
is the only change to the device however, and the basic design including the
Bragg mirror, is consistent with that described in chapter 3.
This arrangement changes the spacing of the levels and therefore the de-
gree to which the QCSE changes the absorption for a specific wavelength.
This is apparent upon comparison of the photocurrent measurements of
the stepped QW device (figure 5.2) and the corresponding measurement
for the square well design (figure 4.3). Note that the absorption is signifi-
cantly lowered in the stepped QW sample. At the operational wavelength
of around 1250nm to 1267nm for femtosecond mode-locking, the absorption
has a maximum value of less than 3 a.u, compared with between 6 and 3
a.u for the square well (where a.u is a common unit to all of the absorption
photocurrent measurements.)
The laser used to test the SESAMs in this chapter has the same design
as that shown in figure 4.6.
To facilitate SESAM characterisation and electrical switching two sam-
ples were prepared, as previously described in chapter 4. The design of the
electrical top contact surface is identical to that shown in figure 4.2. Initial
SESAM characterisation was carried out using the non-contacted sample,
using a spot size of 40 µm diameter. The power characteristic is shown in
figure 5.3, and is comparable to that achieved with the square well device,
although the thermal lens feature (causing the drop in power at around
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Figure 5.2: Photocurrent measurement of the stepped QW design SESAM (4nm
In0.38GaAsN0.022 / 4nm In0.38GaAs / GaAs.
7W) is rather more pronounced here, this could be caused by very slight
changes in laser alignment. The photocurrent response is shown in figure
4.3. indicating that there is no significant increase in non-saturable losses.
The operating wavelength (with no intra-cavity slit) is 1265, with a tuning
range of 1220 -1300 nm. The SESAM did not exhibit any mode-locking
behaviour at this stage. As the non-saturable losses appear consistent with
the square well device, this can be attributed to insufficient absorption at
the operational wavelength. Decreasing the spot-size on the SESAM caused
unstable operation of the laser and hence could not be used as a method of
increasing the field intensity on the device.
Application of a reverse bias and wavelength tuning also failed to initiate
mode-locking from this device. It is therefore concluded that this design is
not suitable to use in these studies.
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Figure 5.3: Power characteristic of the stepped quantum well design SESAM in the laser
with 2% output coupling. Red and blue markers indicate contacted and un-contacted
devices respectively. Note that there is a relatively severe thermal lens which makes the
power drop at around 7-7.5 W, as this is well above the power level used for the switching
experiments in this thesis this effect does not cause any adverse effects.
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5.3 Design 2: The coupled well absorber
The final SESAM design is again based on the same basic structure de-
scribed in chapter 4, but incorporates a double quantum well as the ab-
sorber, rather than the single square QW.
The two QWs have the same 4 nm square shape as the device used
in chapter 4, but have a spacing of only 2 nm facilitating the quantum
tunnelling effect [112]. The resulting interaction between the probability
densities of the energy levels in the QWs is enough to provide a significant
alteration to the absorption, shown in figure 5.4, therefore also altering the
response in the presence of an applied electric field, as per the QCSE.
Figure 5.4: Photocurrent measurement for the coupled QW design SESAM. (4nm
In0.38GaAsN0.025 / 2nm GaAs / 4nm In0.38GaAsN0.025 / GaAs.
The non-contacted device was used for initial characterisation, and the
resulting power measurement is shown in figure 5.5, indicating a negligible
change in non-saturable losses when compared with the square and stepped
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QW designs. Pulsed behaviour is observed from 20-105 mW, the laser gen-
erally operating in the picosecond regime, with noisy multi pulsed behaviour
at higher powers. The wavelength tuning measurement is shown in figure
5.6, indicating a range of 1220 -1300nm with an operational wavelength of
1260 nm when no intra-cavity slit is used. Femtosecond mode locking is
achieved with laser output power of 88 mW when a reverse bias of greater
than 5 V is applied. The pulse measurements are shown in figures 5.7 and
5.8.
Figure 5.5: Power characteristic of the coupled quantum well design SESAM with 2%
output coupling, again note the thermal lens effect at around 7W.
5.3.1 SESAM performance
To achieve regime switching a reverse bias of 6.0 V was applied to the
SESAM. In this case priority was given to maintaining short and stable fem-
tosecond pulses, with the result that the pulses in the picosecond regime
were less stable, experiencing competition between the two mode-locking
regimes.
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Figure 5.6: Wavelength-tuning characteristic for the coupled quantum well design
SESAM, with incident power 4W, output coupler 2% and achieved using an intra-cavity
slit
The shortest stable pulses achieved had duration 156 fs and spectral
bandwidth 12.5 nm with laser output power 88 mW. The pulses had a cal-
culated TBP of 0.371. Figures 5.7 and 5.8 show the spectral and autocorre-
lation measurements for this pulse regime. The picosecond pulse regime was
less stable; as seen most clearly in the autocorrelation; figure 5.10. However
there are indications of much longer pulse durations than those from the
previous chapter. It is interesting to note also that the picosecond pulse has
a shorter centre wavelength than the femtosecond pulse by around 9 nm.
This is the opposite effect regarding wavelength to the observed measure-
ments of the square QW device (where an increase in wavelength for the
picosecond pulses was observed).
Given the instability of the pulses in the picosecond regime, it is perhaps
expected that the 2-photon signal indicates a less stable switch than was
previously achieved with the square well SESAM (figure 5.11) It can also
be seen that there are possible competing pulses in both the picosecond and
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Figure 5.7: Spectral measurement of the
mode-locked laser operating in the fem-
tosecond regime. The applied reverse
bias is 6V.
Figure 5.8: Autocorelation of the laser
output operating in the femtosecond
regime with reverse bias 6V. The pulse
duration is measured as 156 fs
Figure 5.9: Spectral measurement of the
mode-locked laser operating in the pi-
cosecond regime. No reverse bias is ap-
plied.
Figure 5.10: Autocorelation of the laser
operating in the picosecond regime with
no reverse bias. The pulse is unstable.
femtosecond regimes. The tendency towards instability appears to be tem-
porally cyclical, with a period of a few seconds of stable switching followed
by a regression into unstable behaviour. This is seen in figure 5.11, where
the yellow trace is clearly much more stable than the green for example.
This may be a result of operating the laser relatively close to the edge of a
cavity stability region. This is a design feature which was necessary to ob-
tain stable operation with an apertured SESAM, but it may be interesting
to re-visit the design in the future, possibly incorporating larger apertures
to allow for a more robust laser design. Note also that the change in bias
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level to achieve switching and the pulse durations realised are different to
those observed with the square well design. This is explained by the change
in absorption spectra, as mentioned earlier and shown in figure 5.4.
Figure 5.11: A set of 2-photon measurements indicating the repeatability and stability of
the switching process. In this case the switch is relatively unstable. The different colours
represent the same measurement taken at different times, to demonstrate the instability
of the switch.
By comparison of these measurements with those taken in chapter 4, it
is evident that using the coupled device does not represent an improvement
over the square design in this case. However the tendency of the laser to
form much longer pulses, along with the good wavelength tuning bandwidth,
are promising signs that this device may be more successful for switching
into the CW regime. To more fully investigate this possibility, the laser was
tuned, and the reverse bias adjusted to increase the stability of the longer
pulses, focussing on switching stability rather than achieving the highest
power and shortest duration pulses. This has had a detrimental effect on the
pulse duration, however, and in this alignment the pulse durations achieved
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are longer (188 fs compared to a previous 156 fs.). The following results
represent the laser running with output power 28 mW with 3.9 W incident
pump power (compared with a higher power of 88 mW at 3.5W incident
pump power for the previous measurements in figures 5.7 and 5.8) and a
reverse bias of 6.3 V
.
5.4 Switching enhancement
5.4.1 SESAM performance
The following spectra shown in figures 5.12 and 5.14 represent a stable
switching regime from which the next set of measurements were drawn.
The laser is capable of a range of different variations in pulse duration and
switching stability etc, but this regime gives the best compromise between
laser stability and switching stability. Note that the femtosecond spectrum
is much noisier, lower power and represents a longer pulse duration of 188
fs. The spectrum however, is reproducible and relatively stable, despite a
noisy appearance. The centre wavelength is shorter than that of the previ-
ous femtosecond pulses shown in figure 5.7; 1248 nm compared to 1254 nm,
and the change from the femtosecond to picosecond regime is now around
4nm in the opposite direction. That is to say the longer pulses now also have
slightly longer wavelengths. The spectral bandwidth of this pulse, shown in
figure 5.15 is 9.75 nm meaning that the TBP is 0.353.
The spectral measurement shown in figure 5.14 represents a picosec-
ond, or possibly CW regime, and also gives relatively stable operation with
powers of 25 mW, experiencing minimal power fluctuations from the mode-
locked regime. However when measuring the autocorrelation for this regime
the signal is flat, indicating that the laser is running in CW operation, or
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Figure 5.12: Spectral measurement of
the mode-locked laser operating in the
femtosecond regime. The applied re-
verse bias is 6.3 V.
Figure 5.13: Autocorrelation of the laser
output operating in the femtosecond
regime with reverse bias 6.3 V. The
pulse duration is 188 fs.
Figure 5.14: Spectral measurement of
the mode-locked laser operating in the
picosecond/CW regime. No reverse bias
is applied.
Figure 5.15: No reverse bias applied.
This autocorrelation signal indicates
that there are no ultrashort pulses
present.
pulses are being produced that are too long to measure with the autocorre-
lator. (for reference, pulses longer than 400 ps would still show an obvious
truncated pulse signal). To confirm whether the laser is operating in CW or
pulsed operation an (RFSA) can be used, to determine whether the cavity
has a repetition frequency, and is therefore producing pulses.
Using a fast InGaAs photodiode and RFSA, it is confirmed that the
laser is in fact still producing pulses even while showing a flat autocorrela-
tion trace. A single peak is visible at a frequency 160 MHz indicating that
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the laser is pulsing at its fundamental frequency without any competing
pulses (ie. there is only one pulse per round trip). Having observed this,
further tuning of the laser pump power, drive current and wavelength was
carried out, in an attempt to find a CW operating region for this system.
The result was that the laser always produced pulses. This suggests that
the laser is operating with relatively long pulses, possibly in the nanosec-
ond timescale. Such behaviour is unusual for this type of laser system,
but could possibly be explained by the occurrence of Q-switching instabil-
ities. Side bands visible on the RFSA trace also suggest this is the case.
This phenomenon is discussed at length by Honninger et al. [51]. Accessing
this type of pulsing directly from the femtosecond mode-locked regime, via
an electrical switch, in a repeatable manner is an interesting phenomenon
which possibly merits further investigation, however sustaining damage to
the SESAM from the Q-switched pulses may be a potential problem. In
this case the connection layer of the device sustained damage, so further
investigations were not possible.
The large increase in pulse duration is not an expected result. However
considering the viability of the technique from an applications based view-
point, this may still provide interesting avenues of research. The large jump
in duration may make this type of switching useful in much the same way
as a direct switch to CW in some applications, given that the peak powers
are still drastically altered.
The 2 photon signal shown in figure 5.16 shows a marked improvement in
stability compared to figure 5.11 and suggests that operating in this regime
would make for a more viable starting point for future investigations using
a coupled well SESAM design.
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Figure 5.16: 2-photon measurement of the laser output, indicating the switch between
the two pulsing regimes shown in figures 5.14 and 5.15. This shows an improvement in
repeatability and stability of the switching process compared to the measurement shown
in figure 5.11, taken with the shorter pulses.
5.5 Conclusion
This chapter has documented an extension of investigations into using the
QCSE electrical switching method as a means to achieve pulse duration
switching in a Cr4+:Forsterite laser. Following successful switching from pi-
cosecond to femtosecond duration pulses using a standard square quantum
well design for the SESAM in chapter 4, alternative designs were employed,
to investigate whether changing the SESAM QW shape can yield better
results or access to additional pulse duration regimes. Altering the SESAM
design changed the associated absorption spectra, a phenomenon which was
taken advantage of to produce different effects while employing the same
reverse biasing technique. To facilitate this, two new SESAM designs were
used. In the first case, a graded quantum well design; the changing confine-
ment in the well producing an altered absorption spectrum. However this
also had the effect that the saturable absorption of the SESAM was reduced,
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as seen in the photocurrent measurements. This reduction in saturable ab-
sorption, rendered it impossible to mode-lock the laser using this SESAM.
Although not providing an improvement, this provides essential knowledge
about the effectiveness of the design modifications employed. This may
prove useful as a lower limit when designing QCSE SESAMs in future work.
The second SESAM design incorporated a double QW geometry. The
small separation allowing quantum tunnelling to be established between the
pair of QWs. This effect also facilitates a change in the absorption of the
device, however in this case, the saturable absorption remained sufficient
to establish mode-locking. The shortest pulses realised with this SESAM
were 156 fs with bandwidth 12.5 nm and time bandwidth product of 0.371.
However more stable switching was realised between pulses of duration 188
fs (bandwidth 9.75 nm and time bandwidth product 0.353) and what at
first appeared to be CW operation due to the absence of an autocorrela-
tion trace. However on closer inspection the laser output was found to be
periodic, as seen by RFSA measurements, indicating switching to pulses of
much longer duration, possibly in the nanosecond timescale. This could be
indicative of the presence of Q-switching instabilities and this rather unex-
pected result poses some new questions about possible directions for further
investigations into this area.
In conclusion the ability to switch from femtosecond mode-locking to
much longer regimes demonstrates that the change in SESAM design pro-
vides an additional facility when compared with the basic square well. Ad-
ditional scope is given to the QCSE switching technique by allowing access
to a different pulse regime. This increases the potential for this method to
be used in applications involving the Cr4+:Forsterite laser and provides an
interesting starting point for any further investigations into the implemen-
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tation of this technique.
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Chapter 6
Conclusion and future work
The work documented in this thesis was carried out with the aim of de-
signing and building Cr4+:Forsterite lasers with added modular control of
the laser output, to increase the functionality of the system. This was
achieved using SESAM control techniques to actively change the pulse du-
ration regime in which the laser was operating. The methods of control
documented here focus on using an external optical source and an alterna-
tive technique using the QCSE to provide electrical control.
The thesis includes an introduction to the field of ultrafast optics and
mode-locking techniques. In this section, the need for additional laser con-
trol is discussed along with applications of lasers operating around 1300 nm.
In addition the SESAM itself is introduced as it is used as the primary con-
trol element as well as the mode-locking device in the systems documented
in this thesis.
The design chapter introduced more fully the Cr4+:Forsterite laser. In
this section the measurement and design techniques that are used through-
out the thesis are discussed. This has a focus on the considerations necessary
when using Cr4+:Forsterite as a laser gain material.
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Chapters three four and five document the experimental work carried
out, and form the basis of the work from which the thesis conclusions are
drawn. The first control technique investigated was optical switching. This
is described in chapter three. The technique was implemented using a GaIn-
NAs SESAM with a QW saturable absorber designed for operation at 1300
nm. The SESAM was then additionally pumped using a 640 nm fibre cou-
pled diode laser, operating with a maximum power of 600 mW. The diode
beam was focussed onto the SESAM using a short focal length lens to a
spot which overlapped with the intra-cavity pump beam. The diode wave-
length of 640 nm meant that the diode pump beam had energy above the
band-gap energy of the QW. This led to absorption of the 640 nm light,
causing a localised heating effect in the SESAM. The resulting change in
the absorption spectrum of the QW caused a change in the pulse operating
regime of the laser. Using this technique it was possible to switch from 34.5
ps to 263 fs in 1-3 ms and make the return switch in 0.5 ms. The stability
of the switch was variable, changing speed and repeatability with applied
laser diode power.
Chapter four introduces the technique of electrical switching via the
QCSE. In this chapter the same QW SESAM design was used, but the
device was electrically contacted to allow the application of a reverse bias.
This was achieved by connecting the base and surface of the device. To al-
low coupling of the intra-cavity beam the top surface contact was designed
as an array of apertures. The aperture diameter of 200 µm was chosen to
allow a good balance between coupling the intra-cavity field into the device
and maintaining a uniform electric field across the device. The induced
QCSE caused a shift in the QW absorption spectrum. As with the optical
pump, this effect was used to switch the pulse regime. Switching from 6.41
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ps to 285 fs was achieved at 1272 nm with switch time of 20 µs. With an
intra-cavity filter the wavelength was shifted to 1283 nm to achieve switch-
ing between 116 ps and CW operation. A picosecond to CW switch was
achieved with the application of 3 V reverse bias with switching times com-
parable to the femtosecond to picosecond switch.
Unstable femtosecond to CW switching was also observed at 1285 nm,
however competing picosecond pulses were also observed. This potential for
femtosecond to CW switching was then further investigated in chapter five.
Chapter five concludes the experimental part of the thesis. In this chap-
ter the QCSE electrical switching technique was further investigated. Two
new SESAMs were used in this section. The design was based on the GaIn-
NAs QW SESAM used in chapters three and four, but the absorber layers
incorporated a stepped geometry in the first case, and a pair of coupled
QWs in the second.
The stepped geometry changed the absorption spectrum of the QW, how-
ever this included a reduction in absorption. In this case the absorption was
insufficient to induce mode-locking, both with and without an applied bias.
The coupled well design also had an altered absorption spectrum, but
in this case mode-locking was realised. Switching was achieved between
156 fs pulses and ps pulses, however when the laser was operating with the
shortest pulses, the switch to the picosecond regime was unstable. The laser
was then tuned to produce slightly longer pulses to asses the potential for
femtosecond to CW switching. Switching was achieved from 188 fs to what
appears to be a much longer pulse regime. The autocorrolation trace was
flat, however an RF trace revealed that pulses were still being generated.
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The shape of the RF trace suggests that the Q-switched pulses were being
generated [51]
In summary this thesis has explored two methods of SESAM based con-
trol for Cr4+:Forserite lasers. Both optical and electrical pulse duration
switching has been achieved, and both methods could be used to increase
the functionality of this type of laser system. The best switching times
and stability were achieved using the QCSE based electrical switching tech-
nique. This also has the benefit of not requiring an additional laser source.
However specifically designed SESAMs are required to make this technique
successful.
The type of results shown in this thesis demonstrate that the Cr4+:Forsterite
laser has the potential to become a more flexible system than is currently
generally used [113] [114]. This means that applications in the field of bio-
photonics for example become a viable use for this type of system. Since
Cr4+:Forsterite has good penetration into human tissue [115] and the po-
tential for 2-photon based applications [116] [117] [118] the system already
has great potential. The additional control of the temporal regime could
be utilised in trapping experiments such as photoporation [119] [42] where
two lasers are generally used to trap and porate a cell. With fast switching
times this could potentially be achieved with one laser. In addition, control
of the temporal regime is also a method of dictating the peak power. Again
could would negate the need for multiple laser sources in applications which
require variable peak power levels.
To build on the work presented in this these a number of options are
available for future investigations. The optical switching technique is a
viable control technique, especially when it is less practical to use an elec-
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trically contacted SESAM. As the technique is based on heating effects,
improvements could be made by investigating the suitability of alternative
external pump lasers. More efficient systems could be designed, and temper-
ature control of the SESAM mount is also a potential area for investigation.
The design of the SESAM is always an important factor in determining the
success of this type of mode-locking. In this case, alternative designs will
produce different switching results. Some further investigation may provide
more stability, increasing the potential for this technique as a viable control
mechanism.
This heating based method could also be used to test SESAMs for sta-
bility in environments with varying temperatures. If, for example, a very
stable system is required, an optical pump will determine the limits of tem-
perature fluctuations to maintain stable operation. This technique could
also be used to quantify the difference in temperature dependence between
the performance of QW and QD based absorbers.
The QCSE switching technique has several potential areas for future in-
vestigations. SESAM design is an aspect already investigated in this thesis,
and is potentially an area which merits further consideration. In addition,
the apertures used to apply the external electric field could potentially be
made larger. If the applied electric field uniformity can be maintained to
an acceptable degree, allowing the QCSE to control the absorption prop-
erly, this could present a more stable switch and perhaps facilitate CW to
femtosecond switching.
In a wider sense the use of the QCSE as a control technique could be
used in other SESAM based lasers, for example solid state lasers such as
Cr:YAG [120], Cr:LiCAF [121], fibre lasers [122] or even semiconductor
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lasers [123].
In conclusion the use of the SESAM as a control device in addition being
to the mode-locking element of the laser system highlights the ongoing po-
tential for the improvement of solid-state laser and the increasing available
applications. This type of modular approach to laser design, taking a hy-
brid based approach to the use of semiconductor devices in solid-state lasers
allows for further improvement of this technology. With this continued im-
provement, solid state lasers will continue to have a place at the forefront
of laser physics, as well as finding new uses in technological applications.
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